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PREFACE 

The primary object which the author had in view in 
writing this book was to prepare a text-book for students 
attending the first portion of his lectures on Materials 
and Structures; but he considers that the work may 
be found useful not only to engineering students in 
Technical Colleges and Universities, but also to those 
engaged in the design of constructional iron and steel 
work. 

The modem methods of determining the safe 
intensity of working stresses in structures have been 
considered in the first chapter, and have been employed 
more or less throughout the work. 

The subjects treated in the various chapters have 
been considered as briefly as possible, and the numerous 
examples given are relied upon for more complete 
explanation. 

The special feature of the work lies in the various 
examples which illustrate the design of the most 
important classes of structures in iron, steel, and 
timber; these have all been selected from existing 
works. 

The author's experience in teaching has convinced 
him of the necessity of thoroughly illustrating the 
various principles underlying the theory and practice 
of construction, as a student is never certain whether 
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he understands these principles or not until he has 
attempted to apply them. 

The author has freely availed himself of the works 
of others, which he has endeavoured to acknowledge 
as far as possible throughout the work : but he is espe- 
cially indebted to the Proceedings of the Institution 
of Civil Engineers, the American Society of Civil 
Engineers, the Specifications of Mr, Theodore Cooper, 
M.Amer.Soc.C.E. ; the works of Professors Dubois, 
Burr, and Waddell; also to Mr. Hickson, M.Inst.C.E., 
Commissioner and Engineer-in-chief for Eoads and 
Bridges, New South Wales, for drawings of the con- 
tinuous-girder road bridge, the swing bridge, and the 
hinged-arch bridge. 

Although the subject of foundations is at least as 
important as that of superstructures, it has only been 
treated briefly for pile trestle viaducts and cylinder 
piers. 

The author considers that the subject of foundations 
could be more conveniently dealt with in connection 
with a book on Engineering Construction in Brickwork, 
Masonry, and Concrete, which he hopes to write as soon 
as time will permit. 

In spite of the care which has been exercised in 
preparing this work, it is possible that in a first edition 
errors may have escaped detection; the author will 
therefore be thankful for any information as to errors 
in diagrams or calculations. 

Univebsttt of Stdnet, 

New South Walzb. 
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CHAPTER I. 

STRENGTH, ELASTICITY, ENDURANCE, AND SAFE WOBKINQ STRESS 

IN IRON AND STEEL. 

The strength of a stractore, such as a roof or a bridge, depends 
not only upon its form and dimensions, but also upon the 
material used in its manufacture. The load or loads which 
a structure is designed to carry produce stresses in the various 
members, which may be tensile, compressive, shearing, and 
occasionally torsional; the stresses develop resistances in the 
material, which are generally accompanied by slight alterations 
in form, such as an elongation or shortening of the member in 
question. The elongation or compression, as the case may be, 
is termed the ^* strain," which must not be confounded with 
the stress producing it. The stresses produced in the various 
parts of a structure depend upon the form and dimensions of 
the structure and the loads which it carries ; but, in arranging 
the sections of the various members to resist the stresses 
developed in them, it is necessary to know the physical 
properties of the materials used, such as the tensile, shearing, 
and compressive strengths, elasticity, ductility, rate of expan- 
sion by heat, etc. In order to design a structure in an 
economical maimer we require to know many other things, such 
as, in the case of wrought iron and steel, the ordinary and 
maximum sizes of plates and bars, and their relative cost ; how 
best to connect the various members together, so that they may 
have the necessary strength and otherwise fulfil their purpose 
efiSciently ; what portions are best made of cast iron, and how 
such castings should be designed. If stone, brick, or concrete 
is used in the structure, such as for abutments and piers of 
bridges, it will be necessary to know how to dispose these 

B 
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materials to resist the stresses developed in them, and to limit 
the pressure on the foandations, etc. It is proposed to deal 
with the principles which govern the design of stractures in 
iron, steel, and timber, and to work out examples in details of 
the most common of these, such as the engineer is frequently 
called upon to construct* 

In the first place, the strength and elasticity of iron, steel, 
and timber will be considered. Our knowledge of the physical 
properties of materials is derived chiefly from experiments 
made with the testing-machine, which at the present time, in 
some form or other, finds a place in every engineering laboratory. 
The most important testing-machines used in England and 
Europe are based on the constructive principle first adopted 
by Mr. David Eirkaldie — that, namely, of applying the load by 
water-pressure, and measuring it by means of weights and 
levers. In some of the larger testing-machines in America, 
and generally in smaller machines, spur-gearing and screws 
are used to apply the load. It should, however, be mentioned 
that a large and accurate testing-machine was designed by Mr. 
A. H. Emery for the Watertown Arsenal, in which the power 
is applied by means of a hydraulic press, supplied by a set 
of pumps driven by a steam-engine through an accumulator. 
The stresses are measured by scale-beams, to which they are 
transmitted through a set of diaphragms and cells contain- 
ing a mixture of alcohol and glycerine, and which operate 
as a frictionless reducing mechanism. The machine, once 
standardized, is said to be almost absolutely accurate. Its 
capability of recording accurately large and small stresses was 
shown when it was first used for breaking a bar of iron 5 inches 
in diameter, and afterwards a single horsehair. It has been 
since used for a variety of most valuable tests, which are 
recorded in the reports published each year by the United 
States Government. 

In using a testing-machine for the determination of the 
tensile strength, elasticity, and ductility of a specimen of metal, 
it should be accurately prepared to a suitable form, such as in 
Figs. 1, 2, and 3 ; the exact sizes, however, will depend upon 
the machine and the method of holding the specimen. 

If the specimen under consideration be iron, and it be 
desired to test the elasticity, it will be necessary to attach to 
it a piece of apparatus for measuring the small extensions 
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produced, such as a screw micrometer or Kemiedy's extensometer, 
which latter consists of a light lever multiplying 100 to 1. On 
applying the load, it will be at once observed, if the apparatus 
be sufficiently delicate, that the specimen stretches, and that 
with a load of 1 ton per square inch the stretch will be about 
iao6o part of the length of the specimen under test. In 
Figs. 1, 2, and 3, which have a test length of 10 inches, the 
stretch would be y^ of an inch. With a load pf 2 tons per 
square inch, the elongation will be -^^ of an inch ; and with 
8, 4, 5, 6, 7, 8 tons, the elongations will be 3, 4, 5, 6, 7, and 
8 times ^^oo of an inch respectively, and generally the elonga- 
tions are sensibly proportional to the loads producing them. 
In other words, the specimen is said to be perfectly elastic for 
these loads ; which is shown by releasing the pressure, when 
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the specimen springs back to its original length of 10 inches. 
But this so-called elasticity has a limit, which in wrought iron 
is about 12 tons, and in mild steel about 18 tons, per square 
inch, after which the elongations increase much more rapidly 
than the loads producing them, and the material behaves as if 
it were plastic until the specimen fractures, which generally 
occurs at from 20 to 24 tons per square inch for iron, and from 
24 to 30 tons per square inch for mild steel ; the elongations 
at the point where the material apparently ceases to be elastic 
being about ^ of an inch, whereas the total elongation at 
fracture will be from 1 to 1^ inch for ordinary iron, and from 
2 to 3 inches for mild steel, measured on a length of 10 inches. 
The apparatus used for measuring the small elongations is 
removed after the elastic limit has been determined, otherwise 
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it might be injured when the specimen fractures. The ductility 
of the specimen is measured by the total percentage of elonga- 
tion, and the percentage of contraction of the fractured area. 

The term '^ modulus of elasticity " is used to denote the 
result found by multiplying the stress per square inch by the 
original length of the specimen, and dividing by the elongation. 
Thus it has been stated that a stress of 1 ton per square inch 
will produce an elongation of y^ of an inch on a length of 
10 inches, which gives the modulus of elasticity 26,880,000 lbs. 
per square inch. The modulus of elasticity may also be 
defined as the ideal stress which would be capable of stretch- 
ing a perfectly elastic bar to double its length; it may be 
calculated from the following formula : — 

^ - IT 

where E = modulus of elasticity. 

W = the load producing the elongation L 
L = the original length of the specimen, 
ft = the area of the specimen. 
This is Young's modulus, or the coefficient of direct elasticity. 
The coefficient of transverse elasticity is derived from experi- 
ments on loaded beams, and will be referred to in connection 
with the deflection of beams. The modulus of elasticity is an 
important factor in all calculations where the stress is deter- 
mined from the strain, and it will be used in connection with 
the deflection of beams, continuous girders, and arched ribs. 
For its exact determination, very delicate instruments are 
necessary ; ^ the same remark applies to the determination of 
the elastic limit, which will now be considered more closely. 
The method described for testing a piece of iron or steel and 
determining its so-caUed elastic limit is that usually adopted 
in the commercial testing of materials ; what is really found is 
better defined as the '^ yield-point." It is well known that the 
yield-point can be raised by mechanical means, that the applica- 
tion of a stress greater than the yield-point raises the yield- 
point, and that it may be artificially raised almost to th^ 
breaking-point. With very delicate instruments a permanent 
set is observable with stresses well within the yield-point, and 
the stress fixed upon as the elastic limit depends upon the 

' Sec Unwin, ** The Testing of the Materials of Ck)iistniction.*' 
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delicacy of the instruments used in determining it. The stretch- 
ing of a bar within the yield-point consists partly of an elastic 
extension and partly of a permanent set, and it is this 
permanent set which makes it so extremely difficult to determine 
the true elastic limit. 

Professor Bauschinger has shown that these artificially 
raised yield-points are extremely unstable, and may be lowered 
considerably by hammering the test-bar on the end and reload- 
ing it ; and that, moreover, the yield-point cannot be raised in 
tension without at the same time lowering the yield-point in 
compression. When a bar is subjected to stresses alternating 
between tension and compression the elastic limit cannot be 
raised, and the yield-point settles down to the true limit of 
elasticity. Professor Bauschinger further points out that 
ordinary materials of construction have their yield-points 
artificially raised in the process of manufacture, and proves by 
a most elaborate series of experiments that the true elastic 
limit — ^which he still defines as the stress beyond which the 
strains cease to be proportional to the stresses producing them 
— can be correctly ascertained by first subjecting the bar to 
a series of stresses alternating between tension and compression ; 
the limit then decreases to a value not differing appreciably in 
tension and compression, and below the initial elastic limit or 
yield-point. The elastic limit found in this way is about 8 
tons for wrought iron, and 9^^ tons for mild steel. The stretching 
which occurs at the yield-point for hard and soft steels does not 
differ materially, from which it is inferred that hard and soft 
materials may be relied upon to work together in a built-up 
structure, under ordinary working stresses. The same has 
also been observed in the case of iron. 

It is very desirable, in all important tests of materials, to 
have a record automatically registered by the machine itself; 
such an apparatus is called an autographic stress-strain 
apparatus, because it draws a diagram which shows the strain 
produced by stresses which vary from nothing to that required 
to break the bar. Various forms of this apparatus exist, but 
the one designed by Professor Kennedy produces very perfect 
diagrams, although it is not the most convenient to handle. 

The form of the diagram for a piece of mild steel is shown 
in the woodcut. Fig. 4, from which it will be seen that the 
extension produced by a given load is represented as an abscissa, 
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wbile the load itself is represented as a curved ordinate. The 
diagram represents the behavioar of the specimen daring the 
test, and shows clearly the limit of elasticity, the maximum 
load, and the elongation. The curve not only indicates the 
yield-point, and the amount of extension which occurs at this 
point, but it is seen by inspection that the local extension 
which occurs at the breaking-point is measured by drawing 
ordinates at the commencement and termination of the curve 
drawn during the time that the specimen is undergoing local 
extension. Again, the area of the diagram represents the gross 
mechanical value of the material, as it represents the work done 
in breaking the bar, which of course depends upon its breaking- 
strength and ductility. 




Fio. 4. 



The principle of the apparatus is as follows : The test-piece 
is placed in the machine with a stronger bar, which is called a 
spring-piece. The material of this bar must be ascertained by 
previous experiments to be perfectly elastic, so that its extensions 
are strictly proportioned to the pull on the test-piece; and> 
moreover, it should be of such an area that its limit of elasticity 
occurs only at a load greater than that which will break the 
test-piece. By a simple arrangement a very light pointer is 
made to swing about an axis through an angle proportional to 
the pull on the test-bar. The end of this pointer in its motion 
always touches a piece of smoked glass, to which is given a 
travel in its own plane proportional to the extension of the test- 
piece. In this way the diagram is drawn. After the test the 
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glass is varnished to fix the black, and the necessary par- 
ticulars about the test are written on it with a scriber. 
The glass is then used as a negative, and copies produced by 
photography. 

Professor Unwin's autographic stress-strain apparatus con- 
sists of a revolving drum, whose angular displacement is pro- 
portional to the position of the poise-weight which denotes the 
load on the specimen. The extension produced by the load is 
recorded by means of a wire passing over pulleys and connected 
with the test-piece; a pencil attached to this wire draws the 
diagram. 

Mr. Wickstead and others, including the author, have 
devised autographic apparatus which, like Professor Unwin's, 
show the limit of elasticity, ultimate strength, and total ex- 
tension ; but the portions of the diagrams recorded by Kennedy's 
apparatus from a to 6 and c to d^ Fig. 4, is much more perfect 
than in any of the others. 

It is well known that the form and dimensions of the test- 
piece have a very marked effect upon the results obtained in 
testing (see Hackney, " Forms of Test-pieces," Vroc. Imt. C.E., 
vol. 76). High percentages of elongations may be obtained 
from short or thick test-pieces ; long and thin test-pieces give 
much lower percentages of elongation for the same material. 

The tests intended to govern the quality of the material for a 
particular purpose will next be considered. 

In testing wrought iron and steel intended to be used in 
engineering construction, it is at least necessary to determine 
the strength and ductility. The ductility is usually ascertained 
by measuring the percentage of elongation in the manner 
already described, or by the percentage of contraction of the 
fractured area. The contracted area is measured most con- 
veniently by means of micrometer callipers. The strength 
alone, as first pointed out by Mr. Eirkaldy, is no indication 
of the quality of the material. *^ A high breaking-strength may 
be due to the iron being of a superior quality, dense, fine, and 
moderately soft, or simply to its being hard and unyielding. A 
low breaking-strength may be due to looseness and coarseness 
in the texture, or to extreme softness, although very close and 
fine in quality. The contraction of area at fracture forms an 
essential element in estimating the quality of a specimen, and 
by comparing the breaking-strength with the contraction of area 
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at fracture the respeotive merits of Tarious specimens can be 
correctly ascertained.*' 

The contraction of area can generally be measured with 
sufficient accuracy in round specimens, but in the case of flat 
specimens, especially very broad, thin strips, it cannot be 
measured with sufficient accuracy; and when the fracture is 
oblique, which is often the case, the difficulty is increased. The 
contraction of area is also largely influenced, as stated by 
Professor Unwin, by local conditions of hardness and homo- 
geneity at point of fracture. 

It is in consequence of the difficulty in measuring accurately 
the contraction of area at fracture, that many competent 
authorities have advocated its omission, in specifications of tests 
of materials, in favour of elongation ; but here also a difficulty 
exists. The elongation consists of two parts — namely, general 
and local. The general extension in a specimen continues so 
long as it offers increased resistance to the force producing it, 
and is proportional to the length of the specimen ; but the local 
extension commences after the general extension has ceased, 
and is most decided in all ductile materials, such as steel. It 
is confined to the portion immediately adjacent to the fractured 
area. The local extension is, in fact, proportional to the con- 
traction of area of the specimen. 

Although it is usual to measure the total extension on a 
specimen, and to express it in percentage of length, the more 
scientific way, which has been suggested by Professors Unwin, 
Barba, and Wickstead, is to separate the general extension from 
the local. 

Mr. Wickstead described, at the meeting of the British Associa- 
tion for 1890, a method of doing this from the autographic record, 
and recommended a column in the test-sheet of *' Percentage of 
General Extension," in addition to the usual columns — ^namely, 
"Percentage of Contraction of Area," and " Percentage of Total 
Extension.'* The local extension can then be expressed by sub- 
tracting the general extension from the total extension. 

The local extension is seen by dividing the test-piece before 
testing, over the length of say 10 inches, into ten equal parts, 
each 1 inch long ; the elongation remeasured after testing will 
be much greater on the 2 inches or 8 inches which include the 
fracture than over equal lengths measured on the remaining 
portion of the 10 inches. 
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Figs. 5 and 5a show a bar 80 inches long, 
divided into thirty equal parts, with the re- 
measured lengths after testing. Here the local 
extension is very decided. 

In autographic stress-strain diagrams, such 
as those produced by means of Professor 
Kennedy's apparatus, the local extension is 
easily separated from the general extension; 
and when this is done it is possible to 
eliminate the effect of different proportions in 
regard to the length and area of cross-section, 
on the percentage of total extension. 

The ductility of a specimen can also be 
ascertained by bending round a bar of given 
radius. But here, again, the proportions of 
the test-piece exercise a decided influence on 
the angle bent through before fracture, which 
measures the ductility. 

In order to secure a suitable material for 
railway axles, it is usual to specify, in addition 
to the ordinary tests for tensile strength and 
ductility made on specimens cut from the axle, 
that the axle itself should be tested to destruc- 
tion by a series of blows produced by a falling 
weight, the axle being reversed after each blow. 
The results of the drop-test — which this test is 
called — on axles, when the experiments are care- 
fully conducted, give a fairly close approximation 
to the endurance which may be expected from 
similar axles under the conditions existing in 
ordinary railway practice. The French make 
use of the drop-test, not only for axles, but for 
small samples of the materials used in the 
construction of guns. 

In general it may be stated that the con- 
ditions under which a given material is tested 
should conform as nearly as possible with those 
existing in the structure, machine, rail, tire, 
axle, or gun of which it forms a part. 

Cast Iron* — There is no definite modulus of 
elasticity for cast iron ; its apparent modulus 
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is about the same in tension and compression, and Taries from 
about 5000 to 6000 tons per square inch. 

The tensile and compressive strengths depend upon its 
chemical composition and specific gravity, the best irons con- 
taining more combined carbon and manganese, and less graphite, 
silicon, and phosphorus. Professor Thurston gives the following 
figures for the tensile strength of good iron :- 

Table I. 

Tenacitt op Good Cast Iron. 



1 



.... Tenacity in tons 

'^*"°- per square Inch. 



Specific gravity. 



Good pig-iron 
Toap:n cast iron 
Hard cast iron 
Good tough gnn-iron 



• • • 


• •• 


8-9 


710 


• •• 


• • • 


11-2 


7-22 


• • • 


« • • 


13-4 


7-28 


• •• 


» • • 


184 


7-25 



Professor Unwin considers that the tensile tests give much 
better indications of the quality of the material for structural 
purposes than do the compressive tests.^ 

Professor Thurston states that the best castings will have a 
maximum resistance to compression when the specific gravity is 
slightly greater than that which gave the highest results in 
tension. The resistance to compression of ordinary cast iron 
varies from 88 to 48 tons per square inch. Professor Thurston, 
however, states that cast iron for ordinary work, if subjected to 
compression, should have a specific gravity of 7*26 to 7'28, and a 
compressive strength of 70 tons per square inch. 

In order to secure a suitable material for cast-iron girders, it 
is usual to specify that test-bars 1 inch wide by 2 inches deep 
should, when supported at points 8 feet apart, bear a central 
load of from 2500 to 8500 pounds ; the mean value, 8000 pounds, 
will represent the average quality. The deflection at the point of 
fracture should be not less than -^ of an inch. The resistance 
of cast iron to shearing is probably about 5 tons per square inch. 

Wrought Iron and SteeL — The following table is taken from 
Professor Unwin's ** Elements of Machine Designs," pp. 40 and 
41:— 

> *♦ Materials of Engineering " (Thurston). 
* " Materials of Construction " (Unwin). 
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The following table is giyen to show what tests may be 
specified for wrought iron : — 

Table III. 

Showoto Stbbvoth and DucnLiTT OF Ibon. 



Deflcriptlon of materUI. 



•^'^••""^/srilr" 



Ban— rounds, squaras, and flats 
Angles, T'a, and channels 
Plates } to t inch thick testedli 

along the fibre / 

Plates i to i inch thick tested^ 

across the fibre j 

Bars — rounds, squares, and flats) 
up to 4 square inches sec-> 
tional area ) 

Angles, T's, and channels 

Plates i to t inch thick tested j 
along the fibre j 

Plates i to i inch thick tested^ 
across the fibre j 

Bars^rounds, squares, and flats j 
up to 4 square inches sec-[ 
tional area ) 

Angles, T's, channels, and other i 
sections j 

Plates from i to f inch thick^ 
tested along the fibre .../ 

Plates from i to f inch thick^ 
tested across the fibre ...J 



tonsp«r 
Bquareln. 



OD 10 in. 
percent. 



22 to 23 
22 

21 
18 

23 to 24 

22 
22 

18 

23 to 24 
23 

22 
18 to 19 



9 
10 

10 
3 



Gootnctton 

of are* at 

ftmctars 

percent. 



20 
18 



Remarks. 



10 
5 



18 to 22 1 22 to 25 



10 to 12 
10 

4to5 



20 
12 



25 to 30 30 to 40 



15 



12 



30 to 35 



15 to 18 



7i 



Equivalent to '^bert*' 
Btafibrdshire iron, 
suitable for ordi- 
nary girders, tanks, 
and the cheapest 
bridge work. 



Equivalent to '^best 
best" Staffordshire 
iron, suitable for 
railway bridges and 
roofs. 



Equivalent to treble- 
best Staffordshire 
iron, suitable for 
railway draw-bars, 
centre chains, and 
best smith's work, 
chain cables. 



The elongations per cent, measured on 8 inches would be 
slightly greater for reasons already given. 

Treble-best plates about 4 feet wide and from 10 to 12 feet 
long will show the same strength when tested across the fibre for 
thicknesses varying from f to 1 inch ; the ductility, however, as 
measured by the contraction of area, will vary from 18 to 6 per 
cent with the fibre, and from 9 to 3 per cent, across the fibre. 
Wide plates show greater strength and ductility when tested 
across the fibre than narrow plates. 

The best Yorkshire brands of iron plates, which are superior 
in uniformity, ductility, and homogeneity to the treble-best 
Staffordshire, give 22 tons tensile strength and 20 per cent, 
contraction of area when tested with the fibre, and 20 tons 
tensile strength and 12 per cent, contraction of area across the 
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fibre> provided that the plates tested are from 6 to 10 feet long, 
and from 8 to 5 feet wide. Longer and narrower plates give 
higher results when tested along the fibre, but lower results 
when tested across the fibre. Yorkshire iron is largely used for 
manufacture of rivets, railway axles, and superior smith's work ; 
it gives excellent results when subjected to cold bending or to 
the drop-test. 

The British Admiralty cold and hot forge tests for ductility 
are perhaps the most elaborate. They are as follows : For plates. 
The portion of the plates to be tested in both hot and cold tests 
to be 18 inches by 10 inches, cut both along and across the 
fibre, and bent on a cast-iron slab having a fair surface, and an 
edge at right angles, with the corner rounded off to half an inch 
radius. The plates should be bent at a distance of from 8 to 
6 inches from the edge without fracture through the following 
angles : — 

Hot-forge tests for double-best iron, 120° with the fibre, and 
100° across the fibre ; for single-best iron, 90° with the fibre, 
and 60° across the fibre. 

The plates must bend cold through the angles given in the 
following table, according to the thickness : — 

Table IV. 

GOLD-FOBGB TEffTS. 



ThIekneMof 
plate in inches. 



1 



First clMS, or doabIe*be8t. 



With the fibre. 



Across the fibre. 



Through an angle of 



Degrees. 



15 

15 

20 

20 

22} 

25 

27} 

30 

35 

42} 

50 

60 

70 

90 



Degrees. 



5 

5 

7} 

7} 
10 
10 
12} 
12} 
15 
17} 
20 
25 
30 
40 



Second class, or single-beet. 



With the fibre. 



Acroes the fibre. 



Throngh an angle of 



Degrees. 



Degrees. 



10 




10 


■ ■ 


15 




15 




17} 
20 


5 
5 


22} 

25 

30 


7} 
7} 
10 


37} 
45 


12} 
15 


55 
65 


17} 

20 


75 


30 
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The Admiralty standard for best and best-best is about 
equivalent to the Staffordshire. 

The hot-forge test for angle-iron requires that it should be 



bent thus : 




c:> U 



and flattened thus: ^^■i^mh^ and the end bent over 
thus : — ^ BF"l 

The cold-forge test requires that it should be notched and 
broken across cold to show the quality of the iron, and that one 
flange should be cut off and bent cold to show the quality of the 
fibre. 

T-iron should be tested hot by being bent thus : 



V cp 




The cold-torge tests are the same as for angle-iron. 

For bulb-iron the hot-forge test requires that the bulb should 

be cut off, and the web bent across the grain thus : 

For the cold-forge test, the bulb should be notched on one 
side and broken cold to show the quality of the fibre. 

Angle bulb-iron should be tested hot by cutting off the bulb 
and testing the remainder in the same manner as angle-iron ; 
and the bulb should be notched on one side and broken cold te 
show the quality of the fibre. 

T bulb-iron should be tested after the bulb has been cut off 
in the same manner as T-iron, and the bulb should be tested in 
the same manner as in angle bulb-iron. 

Channel-iron should be tested hot by being bent thus .* 




and one of the flanges should be cut off and bent cold as in the 
test for angle-iron. A sample should also be notched and 
broken cold to show the quality of the fibre. 

The following are the British Admiralty tests for mild steel 
plates, beams, angles, bulbs, and bars. Strips cut lengthways 
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or crossways to have an ultimate tensile strength of not less 
than 26 and not exceeding 32 tons per square inch^ with an elon- 
gation of 20 per cent, measured on a length of 8 inches ; the 
beam, angle, bulb, and bar steel to withstand such forge tests as 
may be sufficient to prove soundness and fitness. Strips cut 
lengthways or crossways, 1^ inch wide, heated imiformly to a 
low cherry red, and cooled in water at 82^ Fahrenheit, must 
stand bending in a press to a curve of which the inner radias is 
one and a half times the thickness of the steel tested. The 
strips for bending should be planed on the edges, and the sharp 
edges taken ofif. 

The percentage of elongation in the Admiralty test might just 
as well have been measured on a length of 10 inches. Bivet- 
steel, being softer and more ductile, may be taken at.between 24 
and 30 tons per square inch for tensile strength, and 25 per 
cent, elongation. The steel used in the construction of tension 
members in the Forth Bridge was specified to have a strength of 
from 30 to 33 tons, with 20 per cent, elongation ; for tubular 
columns and struts, the steel was specified to have a tensile 
strength of from 34 to 37 tons per square inch, and an elonga- 
tion of 17 per cent. The elongations were specified to be 
measured on 8 inches. 

Working-stress and Factor of Safety. — Working-stress signifies 
the intensity of stress — generally expressed in tons per square 
inch — to which a piece of material may be subjected without 
ceasing to fulfil its purpose efficiently under the conditions on 
which the stresses are applied. 

The factor of safety is the ratio of the ultimate strength to 
the working-load. Sir William Fairbum proved that a riveted 
girder, loaded to one-third of the load which would have broken 
it if gradually applied, failed after 313,000 applications of this 
load. 

The experiments of Herr Wohler and Professor Spangenberg 
demonstrate the following law, known as "Wohler's Law:" 
**Bupture may be caused, not only by a steady load which 
exceeds the carrying-strength, but also by repeated applica- 
tions of stresses none of which are equal to this carrying- 
strength. The difference of these stresses are measures of 
the disturbance of the continuity, in so far as by their increase 
the maximum stress which is still necessary for rupture 
diminishes." 
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Professor Bausohinger has made a long series of experiments 
which confirm those made by Herr Wohler. Professor Bau- 
schinger's experiments are the most yalnable on this subject 
which have ever been made^ and the results are summarized in 
Table V. 

In England, Sir B. Baker has made yarious experiments which 
also confirm Wohler*s original experiments. For example, he 
found that when a shaft was loaded with one-half its gradually 
applied breaking-weight, and set rotating, about five thousand 
reversals of stress produced fracture. He mentions an experi- 
ment with a bar of cast iron loaded with a weight which, 
according to Fairbaim's experiments, it should have carried 
for a long series of years, broken in two minutes when set 
gently rotating ; also, a bar of fine tough steel so changed in 
constitution at fracture after a few months' rotation as to ofifer 
no advantage over a new cast-iron bar of the same section. 
Sir B. Baker has proved, by experimenting on flat bars of 
steel by repeatedly bending them, and subsequently test- 
ing them in direct tension and direct crushing, that the 
effect of repeated stresses is more prejudicial in tension than 
in compression. 

The change which a piece of material undergoes when sub- 
jected to repeated stresses has been termed '^ fatigue." It is 
most marked in the case of stresses alternating between tension 
and an equal compression, as seen in the fracture of railway 
axles. 

The strength of a piece of material when subjected to a 
gradually applied load, as in a testing-machine, is termed its 
'* statical strength." When subjected to a load which is entirely 
removed before being reapplied, the load which will ultimately 
break the piece is termed its " primitive strength." When sub- 
jected to stresses which alternate between tension and an equal 
compression, the ultimate breaking-stress is termed its '^ vibrat- 
ing-strength." Approximately, the vibrating-strength is to the 
primitive is to the statical as 1 is to 2 is to 8. 

The values of the strengths for a variety of materials are 
recorded in Table V. 

Several methods have been proposed which have for their 
object the representation of the results of the experiments made 
by Wohler and Bauschinger, and their extension to the various 
ranges of stress which occur in engineering practice, among 
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which may be noticed Gerber's parabola. If the ranges of 
stress given in Table Y. are plotted as ordinates, and the 

Table V. 

BAUSOHnrGEB's ElTDUBANCTE TX8T8. 

Slresses requiring fifteen million repetitione to oause fracture. Tone per equare inch. 



MaterUl. 



Wrought-iron plate 
Bar iron 

Bar iron 

Bessemer mild-steel 

plate 

Steel axle 

Steel rail 

Mild-steel boiler plate 



Opposite Btreases. One Btren lero. 



Least. 



7 15 
7-85 
8-65 

8-55 
10-5 
9-7 



Greatest. 




-h 715 
+ 7-85 
+ 8-65 

-h 8-55 
+10-5 
+ 9-7 



- 8-65 I + 8-65 
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Similar 



Greatest. 


Least. 


131 


11*4 


14*4 


13*3 


15*75 


13*2 


15-7 


143 


19-7 


20-0 


18-4 


19-5 


15-8 


13-3 



Greatest. 



19-2 

22-02 

21-92 

23-8 
321 
30*85 
22-55 



Range 

aero. 

Ultinoate 

statical 

strength. 



22*8 
26*6 
26*4 

28-6 
40*0 
39-0 
26-6 



Limits op Stress rsoM Wohler*b Ein>URAN0E-TE8T. 

< 

Streeeee in tone per equare ineh for tehieh fracture ooeure only after an indefinitely large 

number of repetitione. 



Wronght-iion plate ... 

Kmpp's axle steel ... 

Untempered spring 

n«eei ... ... 



- 8-6 
-14-05 


+ 86 
+14-05 






15*25 
26*5 


12-0 
17*5 


20-5 
37-75 


-13-38 


+13-38 





25*5 


12*5 


34*75 



22*8 
52-0 

57*6 



minimum stress as abscissae, the points fall on a parabolic 
curve, which Professor Unwin expresses thus : 

Let /max. and /min. denote the limits of stress, and A the 
range of stress ; then — 

A =/max. +/min. 

The upper sign is to be taken when the stresses are of like 
kind, and the lower sign when they are of opposite kind, as in 
alternating stresses. Let / denote the statical breaking-strength ; 
then the equation to Gerber's parabola is — 



(/min. +|) + fcA =/ 



If the statical strength / be known, and the value of / min. 
and / max. for any range of stress at which the bar stands 
a practically unlimited number of repetitions before breaking, 
then h can be determined, and the limits of stress for all 
conditions of loading can be calculated. The parabolas are 

c 
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dra^m from the above equation, using the results recorded in 
Table V. 

Soon after Wohler's results were published, Professor Laun- 
hardt published a formula which applies to the cases in which 
the stresses are either tensile or compressive, which may be 
represented as follows : — 

Let h denote the breaking-strength. 
8 ,, „ statical strength. 
p 99 M primitive strength. 

m^ , fmin. 

Then6=p + (,-.j))f - 

/ max. 

If, in the end lattice-bar of a bridge^ the stress produced by 



(fmin^^i)**ki*n 




Minimnm stress in tons per sqnare Inch. 
Fig. 6.— Wohler's and Bauichlnger's endaranoe tssts. 

the live load were nine times the stress produced by the dead 
load, then — 

/min. 



/max. 



= 1^ 



and, using the results given in Table V. for wrought iron, we 
have — 

6 = 18-10 + (22-8 - 18-1)^1^ = 14-07 tons 

so that 14-07 tons is the ultimate breaking-strength of the bar ; 
and, if the working-stress be taken at 4-69 tons per square inch, 
the factor of safety is — 

1407 „ , , 22-8 
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In order to meet the cases which include stresses alternating 
between tension and compression. Professor Weyrauch proposed 
the following formula, in which the vibrating-strength is denoted 
byt; — 

, , , max. B 

max. J3i 

If the greatest tension on a bar be 5 tons, and the greatest 
compression 10 tons, then — 

max. B _ J _ , 
max. Bx "" '^ "" * 
and, using the same material as before, we have — 

h = 18-10 - (18-10 - 7-15)1 = 10-125 tons 

and the factor of safety, with a working-stress of 8*875 tons per 
square inch, is — 

10-125 22-8 

¥37^ = « ("^* F375 = ^'^^ 

The effect of '' fatigue " is considered to be purely local, as 
it is not possible to discover any change in strength, elasticity, 
or ductility in material which has been fractured in this way, 
by retesting it in the ordinary way by means of the testing- 
machine. 

There is no difference in the results obtained from testing 
specimens cut from an axle broken in ordinary use, or by 
means of the drop-test, than would be obtained from testing 
specimens cut from the axle when new. Betesting specimens 
cut from old structures does not show any measurable change 
in the material. It is known, however, that the fracture of 
specimens by repeated stresses in Wohler's machines and that of 
railway axles from the fatigue and impact occurring in ordinary 
work are short and crystalline, showing no sign of ductility ; 
hence the reason given by Professor Unwin, that fatigue is 
primarily a loss of power of yielding in the particles near the 
plane of weakness at which fracture occurs. There is, however, 
no evidence to show that materials which were originally fibrous 
and ductile may become granular and crystalline when subjected 
to such conditions as exist in a railway axle, excepting in the 
plane of the fracture itself. 

As stated by Eirkaldie, the crystalline appearance appears 
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to be due to the fibres being broken at right angles to their 
length, whereas in a gradual fracture time is given for the fibres 
to stretch. 

The question naturally arises whether the phenomena ob- 
served in the Wohler-Bauschinger tests are due to fatigue or 
impact, or to both these causes combined. We are certainly 
not able to assert that the impact of the load did not contribute 
to some extent in causing the bars to fail with a reduced load. 

It is known that the sudden application of a load to a beam 
produces, for an instant only, twice the deflection as the same 
load applied gradually. The deflections of railway bridges with 
live loads passing over them are about 20 per cent, greater than 
with the same load standing on the bridge. The bridge appears 
to recover from the first effect of the live load as it advances 
and covers the whole bridge, but the dynamic effect is, however, 
most probably much greater than 20 per cent., as this only 
includes the average of the vertical movements, some of which 
may exceed this amount, while others may be less, while the 
horizontal vibrations are not included at all. 

If we apply the Wohler-Bauschinger results to railway bridges, 
we may imagine trains to pass over them in rapid succession 
without appreciable impact or friction, and, if the results are to 
form the basis of the determination of working-stresses, without 
a separate allowance for impact, we must assume that the 
millions of repetitions in these experiments are about equivalent 
to the effect of impact and the slower repetitions of stresses 
which occur in railway bridges. 

The rule which still exists in the regulations of the British 
Board of Trade for railway bridges is simply to limit the working- 
stresses in iron to 5 tons per square inch in tension and 4 
tons in compression. For steel the limiting stress is 6^ tons. 
No account is taken of the variable range of stress or of impact. 
The rule obviously gives excessive strength for those parts of a 
bridge where the range of stress is small, as in plate web box- 
girders of 160 feet span, while it would be dangerous if applied 
to those parts of structures where both the range of stress and 
the impact are large, as in the longitudinals, floor beams, 
suspenders, and other members of bridges liable to sudden 
loading. 

In America and Europe, and to some extent in England, 
the practice is to make the working-stress depend upon the 
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range of stress, or upon the impact, or both these causes 
combined. Thus in the New York Elevated Eaibroad the flanges 
of the girders were designed for a stress of 8*6 tons per square 
inch, the web bracing for 8*4 tons per square inch, and for 
members subjected to alternating stresses a stress of only 2 tons 
per square inch was allowed. 

In the numerous elaborate specifications which have been 
written by American engineers to govern the design of important 
railway bridges,^ rules are given for limiting the intensity of the 
ivorking-stresses in various parts of the structure more or less 
in accordance with the impact which they are likely to sustain 
and the results given in Table Y. The following table was 
prepared by Mr. J. A. Macdonald, engineer for bridges, New South 
Wales, for general office use in connection with the design of 
highway bridges ; it gives the ultimate breaking-strength for 
various ranges of stress as given by Launhardt's and Weyrauch's 
formuIaB. 

Table VI. 

Strength of Wbouqht Ikon undeb Yabying Stbxss fob Ibon ha vino 

A Statical Strength of 21 Tons. 



When "''''• 
max. 


= 1*0, ultimate streDgth 


= 20*1 tons 


per sq 


vt 


0-9 


y* 


19-4 


w 


>» 


0-8 


>» 


18-7 


M 


9) 


0-7 


«i 


18-1 


»f 


M 


0-6 


»» 


17-4 


W 


n 


0-5 


»i 


16-7 


»» 


}» 


0-4 


»* 


161 


M 


f* 


0-3 


>4 


15-4 


1» 


j» 


0-2 


4* 


14-7 


n 


rt 


0-1 


»» 


141 


»» 


»> 


00 


>» 


13-4 


f) 


f> 


-01 


»t 


12-7 


n 


»» 


-0-2 


»» 


12-0 


»» 


»» 


-0-3 


»» 


11-4 


»» 


»i 


-0-4 


>» 


10-7 


»i 


n 


-0-5 


^^ 


10-0 


»» 


»f 


-0-6 


*t 


9-4 


»» 


»» 


-0-7 


tf 


8-7 


»» 


»» 


-0-8 


»» 


80 


ti 


»» 


-0-9 


»* 


7-4 


*» 


i» 


-10 


» 


6-7 


i> 



Note.— Ordinary factor of safety = §. 

Similar tables could be prepared, if thought desirable, for 
mild steel. 

The working-stress for cast iron may be taken as follows, 
if the statical strength is taken as 10 tons per square inch : — 

' Mr. Theodore Cooper's specifications, for example. 
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For a dead load, 2'50 tons per square inch. 

For a live load, 1'20 tons per square inch. 

For alternating stresses equal in amount, 0*88 tons per 
square inch* 

Intermediate cases may be treated in the same way as for 
wrought iron and steel. 

Launhardt's and Weyrauch's formulie may be expressed in 
a more simple manner thus — 

/^ , min.\ 

i = ( 1 + i I constant 

\ max./ 

Some American engineers use this form of the formula for 
determining the working-stresses in bridges, including both 
fatigue and impact ; thus for wrought-iron eye-bars — 

Intensity of working stress in pounds per square inch 

= 10,000(1 + i5?i5:) 
\ max./ 

Others allow more for the impact of the live load, and use 

the following formula : — 

/ min. \ 
Intensity = 7500(1 + - - ) 

\ max^ 

In the new regulations ^ issued by the French Government 
for ensuring the safety of bridges, the following rules are 
given for determining the admissible stresses in the various 
members. 

The maximum allowable stress for wrought iron in tons per 
square inch is — 

Intensity = 8-81 + ig^^' 

max. 

ThiB may be bitten— 



fc = 8-8l{l +h ) 



max. 
For steel — 

Intensity = 5-08 + 2-54°^^ = 5-08(l + l^^-') 

max. ^ max."^ 

By taking account of the change of sign when the stresses 
change from tension to compression, the above rules will, accord- 
ing to the new regulations, be applicable to members subject to 
alternating stresses. 

* Engineering, January 5, 1892. 



CHAPTER 11. 

STRENQTH AND ELASTICITY OF TIMBER. 

The strength and elasticity of timber is largely influenced by a 
variety of circumstances, such as the climate, kind of soil, whether 
grown on mountain ridges or on low-lying ground, the time 
when the tree was felled, the age of the tree, the seasoning, etc. 
A much greater variation is observed in the results of testing 
timbers than occurs in the case of iron and steel, and timbers 
of the same name differ widely in their physical properties. In 
testing timber it is well known that specimens of large scantling 
give much lower results than specimens of small scantling, 
which latter, however useful they may be in showing the 
relative values of different timbers, are of very little value in 
furnishing data for application to large-sized scantlings. 

In testing timber in tension it is very difficult to get trust- 
worthy results with soft woods, and the shoulders of the specimen 
held in the shackles of the testing-machine must be, according 
to Professor Lanza, at least five times as long as the length 
under test in order to prevent shearing along the fibre, even 
when the stress is applied axially, and then considerable lateral 
pressure must be applied to the portions held in the shackles. 
The sectional areas of the pieces tested by Lanza were about 
one square inch. Tensile tests of timber are of very little 
practical value, as the timber more frequently fails by transverse, 
compressive, or shearing stress, as they are less than that 
required in tension. The author has tested nearly all the 
varieties of Australian timbers in tension, but these are hard 
woods, and may be tested by preparing them to a similar form 
to that generally used for testing round specimens of wrought 
iron and steel. The average result of testing red pine and 
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sprace in tension from specimens cut from the circumference 
and heart of the tree is about 10,000 lbs. per square inch, 
while most of the Australian timbers exceeded 20,000 lbs. per 
square inch. There is no defined modulus of direct elasticity 
for timber, the slight stretching which occurs being exceedingly 
irregular. 

Compresfive Strength and Elasticity. — The compressive 
strength of timber is useful not only in designing timber 
compression members in a structure, but, according to Professor 
Bauschinger, in determining the quality of the timber, and the 
influence of seasoning, of the time of felling, and other circum- 
stances of its growth, as the tests are easily made and the 
results trustworthy. He recommends that prisms one and a 
half times the length of the side should be properly cut from 
the various parts of the tree to give a true average, and then 
tested at a standard dryness, which he fixes as 15 per cent of 
moisture. 

Professor Lanza ^ has tested a large number of American 
timbers of large scantling in 12-feet and 2-feet lengths, of 
circular and rectangular sections, with the results that the 
columns all gave way by direct crushing, the strength of the 
columns being found, in the proportions experimented upon, by 
multiplying the sectional area by the crushing strength, the 
lateral deflections observed being too small to exert any 
appreciable effect. The averages of these experiments are as 
follows : — 





Tabt.f. VII. 




Name of timber. 


' Sectional area 
Jnaqnaxe 
Inches. 


Ultimate strength 

in pounds per 

square inch. 


Hodulus of elas- 
ticity in pounds 
per square inch. 


YeUow pine 

White oak 

Old and seasoned white oak 


42 to 102 
32 to 93 
23 to 87 


4544 
3470 
3957 


1,996,351 
1,398,908 
1,817,539 



Another series of tests made at the Watertown Arsenal, and 
the averages plotted by Mr. Edward F. Ely, gave the following 
rules for the breaking-strength of columns of white and yellow 
pine with flat ends, the load being evenly distributed over the 
ends :— ^ 

* Lanza, " App. Mech.," p. 669. 
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Let A = area of section in square inches. 

/= constant whose yalue is given in the table following, 
r = the ratio of length to least side of rectangle, all the 
tests having been made on rectangular sections. 
Then- 
Breaking strength =yA 
where /has the following values : — 



Table VIII. 



AVbite pine. 



I 

r 


/ 


OtolO 


2500 


10 to 35 


2000 


35 to 45 


1500 


45 to 60 


1000 



Yellow pine. 



r 


/ 


0tol5 


4000 


15 to 30 


3500 


30 to 40 


3000 


40 to 45 


2500 


45 to 50 


2000 


50 to 60 


1500 



The following table has been compiled from experiments 
made by Mr. D. Eirkaldy on the crushing-strength and modulus 
of direct elasticity of timber : — 









Table IX. 






Nwne of timber. 


• • • • • « 


Sectional area 

insaoaro 

incheB. 


I 
r 

9 


/ 


ModttloB of 
elasticity in 
poandsper 
square inch. 


English oak 


25 


3,542 


1,786,000 


19 M 




54-5 


5 to 22 


3,501 


— 


»l f » 




... 83 to 144 


8 to 10 


3,431 


— 


Pitch pine 




... , 80 


11 


4,339 




9* « 

»» •» • • • 




75 
... ' 25 


5 
9 


4,569 
4,934 


\ 1,539,000 


White Biga 




... ' 169 


19 


1,960 


— 


BedDantadg ... 




178 


18 


1,742 




Dantzigflr 






83 


11 


2,588 


— 


*• »« ••• • 






100 


5 


2,914 


— 


»f t» 






25 


9 


4,704 


2,630,000 


Oregon pine 






25 


9 


6,586 


1,923,000 


Norway spruoe ... 
Baltic red 






25 


9 


5,376 


2,040,800 






75 


5 


2,445 


1,163,000 


English ash 






25 


9 


3,025 


1,613,000 


Bemerara greenheart . 






25 


18 to 18 


10,229 


4,301,800 


H n 


50 


1-2 to 18 


8,430 


3,744,513 
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The following results on the compression of long and short 
columns of a few of the best Australian timbers have been 
selected from the author's experiments. They have been 
treated in a similar manner to the white and yellow pine, 
but are not strictly comparable, as the sectional area of the 
specimens of Australian timbers were only 9 square inches 
(3" X 8"). The results are very high, as the timbers were well 
seasoned, but certainly not more than 25 per cent, higher than 
would be obtained by testing logs 12 inches by 12 inches of 
sound well-seasoned timber. Australian timber is liable to 
decay at the heart and form a pipe, the area of which mast 
be deducted from the area of the log in calculating the strength 
by the foregoing rules. 



Table X. 



Timber. 



Values of/ when - equals 



Bed, grey, and white iroobark of 
N.S. Wales; 70 specimena tested. 
These timbers also grow in 
Queensland, but are inferior to 
those grown in N.S. Wales 

Tallow-wood of N.S. Wales and^ 
Queensland ; 38 specimens tested/ 

8putted-gum of N.S. Wales; 32) 
specimens tested / 

Spotted gum of Queensland; 8^ 
specimens tested / 

Ulaokbutt of N.S. Wales and 
Queensland ; 48 specimens tested 

Bed, grey, and flooded gam of 
N.S. Wales, and red gum of 
Victoria ; 72 specimens tested 

Turpentine of N.S. Wales and 
Queensland; 82 specimens tested. ' 

Jarrah of Western Australia 



0to4. 


4 to 8. 


11,000 


10,000 


8.500 


6,900 


8,400 


6,000 


10,800 


9,800 


8,500 


6,800 


8,600 


5,600 


9,600 


7,700 


6,800 


5,800 



stole. I istosu. ; Mtosc. 



9,500 



7,500 7,500 



6,900 5,200 
6,000 I 6,000 



9,800 



6,500 



6.800 4,700 



5,600 



4,600 



7,700 I 5,600 
5,800 1 13,900 



4,500 
5,200 
5,300 
4,700 

4,300 

5,000 
3,900 



The modulus of compressive elasticity was obtained from 
experiments on test-pieces 12 inches long, which did not deflect 
laterally. In the iron bark it varied from 1,600,000 to 2,300,000 
pounds per square inch; and in the gums, from 1,800,000 to 
2,800,000 pounds per square inch. 

Shearing along the Fibres. — When timber is used for keys and 
in joints and connections of timber roofs and bridges, the 
material is frequently required to resist stresses tending to shear 
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it along the plane of the fibres. The resistance to shearing 
along the fibres has been determined for the following American 
timbers at the Watertown Arsenal, and for the Australian 
timbers by the author. 



TiLBLE XL 
Shearing-strength of American Timber. 



Name of timber. 



Ash 

YeUow birch 
White maple 
Red oak 
White oak 
White pine 
Yellow pine 
Spruce 
Whitewood 



Shearing-strength in pounds 
per square inch. 



Minimum. 



Maximum. 



458 


700 


563* 


815 


367 


647 


726 


999 


752 


966 


267 


866 


286 


415 


253 


374 


382 


406 



Table XII. 

Shearing-strength op Australian Timbers. 



Name of timber. 


Shearing-strength in pounds 
per square inch. 




Minimum. 


Maximum. 


Bed, grey, and white ironbark 

Tallow-wood 

Spotted gnm 

Blackbutt 

Red, grey, and flooded gum... 

Turpentine 

Jarrah 

Blackwood 


1900 
1100 
1500 
1400 
1000 
1400 
1700 
2000 


2400 
2000 
2300 
1800 
2100 
1700 
1970 
2700 



Transverse Btreng^ and Elasticity. — The transverse strength 
of a beam is proportional to its breadth, the square of its depth, 
and inversely proportional to the span. If W denote the load, 
no matter how distributed, I = the span, h = breadth, d = depth, 
then — 

Woe — 

V 

Iff denote the coefiScient of bending-strength of the material. 



28 



Engineering Construction. 



or modulus of rapture, and the load is applied in the centre, it 
^11 be shown (Chapter lY.) that — 

W=^;and/=2JrfI 

The stiflEaess of a beam is inversely proportional to its 
deflection, to the breadth, and to the cube of its depth, and 
directly proportional to its load and the cube of the span. It 
will be shown, Chapter X., that for a beam supported at both 
ends and loaded in the centre — 



E = 



WP 



and V = 



WP 



4vW 4E6cP 

where E denotes the modulus of transverse elasticity, and v the 
deflection in the centre. 

The following table gives the summary of Professor Lanza's 
bending-tests : — ^ 





Tabt.f. 


XIII. 






Name of timber. 


Breadth and depth 
in inches. 


Span in feet 
and inches. 


Modnlos of 

rapture,/, in 

pounds per 

square Inch. 


Modnlna of 
trsosvene 

elasOdtr S> <A 
pounds per 


Tellow pine beanu — 








Maximum \ 

Minimum / 


from 3 X 12 


6 ft. 5 in. 


/1 1,360 
\ 5352 


2,286,000 


to 9 X 13} 


to 24 ft. 


1,169,298 


Average 


— 


— 


7486 


1,757,900 


Spruce beams — 










Maximum \ 

Minimum j 


from 1} X 6i 


6 ft. 8 in. 


/ 8120 
\ 2828 


1,899,800 


to 6X12 


to 20 ft. 


897,961 


Average 


— 


— 


5046 


1,332,451 


White pine beama — 










Maximum \ 

Minimum j 


from 2{ to 9} 


14 ft. 


/ 7251 
\ 2456 


1,565,000 


to 6fc X 12^. 


to 20 ft 


727.000 


Avezage 




— 


4451 


1,122,000 


White oak beama — 










Maximum \ 

Minimum / 


from 2x9 


9 ft. 6 in. 


/ 8850 
\ 3535 


1,777,500 


to 6 X 12 


to 20 ft. 


672,724 


Average 


^~~ 


^"* 


5863 


1,131,100 



In consequence of the resistance to shearing being small, 
failure occurred frequently by shearing horizontally along the 
fibres ; this will be again referred to in Chapter V. 

Bauschinger has made experiments on the transverse strength 
of the more important coniferous woods from different districts 

» Lanza'B ** App. Meoh^" p. 678. 



Strength and Elasticity of Timber. 



29 



of Bayaria, which give somewhat higher results than those 
obtained by Professor Lanza for American timbers of the same 
name. A summary of these tests is recorded in the following 
table : — 

Table XIV. 



Name of timber. 


Average 
percent- 
age of 
mois- 
ture. 

22 
33 

28 
28 


Breadth and depth 

in inches, 

approximate. 


Span in feeU 


Modulus of 

rupture in 

pounds per 

sq. inch. 

6770 
6418 

5327 
5470 


Modulus of 
elasUdty in 
pounds per 
square inch. 


Pine (summer feUed) . . . 
M (winter felled) ... 

Spruce (rammer felled) 
„ (winter felled) 


7x7 

7x7 
j 7x7to \ 
\10J X 10 J/ 
( 7x7to \ 
\ 11 X 11 / 


8 ft. 2i in. 


1,539,639 
1,468,524 

1,412,818 
1,402,502 



The following table has been compiled from experiments 
made by Mr. D. Eirkaldy : — 

Table XV. 



Descriptkm of timber. 



Breadth and depth in inches. 



Pitch pine 

Dantzigfir ... 

Ditto 

Baltic oak ... 
Baltic red ... 

English oak ... 

8t PeteiBbiirg 

6t. Petersburg 
l>t Yellow ... 

8t. FeterBbnrg 
2nd yellow... 

Archangel ... 



Arehaagel deal, 

2A ... 
Swedish 



':} 



Swedish BS ... 
SwedidiDDD 



from 
to 

from 
to 

from 
to 

from 
to 

from 
to 



from 
to 

from 
to 



1118 X 

1310 X 

10-00 X 

13-25 X 

2-50 X 

300 X 

6-40 X 

11-72 X 

11-77 X 

4-55 X 

4-58 X 

8-09 X 

3-06 X 

2-75 X 

3-00 

2-87 

2-99 

3-00 

309 



X 

X 
X 
X 
X 



3-00 X 3-00 

from 3-08 X 1107 

to 410 X 9-10 

from 800 X 910 

to 315 X 9-10 

from iS-93x 8-75 

to 2-95 X 8-75 






Span In feet. 



12 

ftom 8 
to 12 

10 

10 

12 

10 

13 

10 

10 

13 

10 

10 
to 13 

10 
10 



} 



Modulus of 

rupture in 

pounds per 

square inch. 



} 



7626 
4581 

8726 

7686 
4890 

9762 

8187 

8556 

6918 

6738 

6252 

5663 

6258 

6978 



Modulus of 

transverse 

elasticity in 

pounds per 

square imdi. 



571,760 



2,446,400 
1,677,500 
1,396,700 
2,014,300 
2,043,400 
1,838,300 
1,149,600 
1,528,700 
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The following tests made by the author were on specimens 
6 inches wide by 4 inches deep, on a span of 4 feet : — 

Table XVI. 



Name of timber. 



Ironbark, N.S. Wales 

Tallow wood, „ 

Spotted g^na« «« 

„ „ QueeoBland 

Tallow-wood „ 

Bed gum, N.S. Wales 

Victoria ... 

Sonth Australia 

West AuBtralia 

Grey and floodedgnm, N.S. Wales 

Blackbutt, N.S. Wales 

Turpentine, „ 

Jarrah, West Australia 






Welgbtin 

poonds 

per cubic 

IboL 



Modnlne of 

mptarelD 

ponndiper 

square incb. 



HodnlDs of elM- 
tldty tn poonds 
per uwn 
inch. 



73 
71 
58 
71 
71 
68 
65 
59 
66 
66 
65 
66 
62 



18,000 
14,000 
16,000 
18,000 
10,000 
12,000 
11,000 
6,600 
10,000 
14,900 
14,000 
18,700 
12,040 



2,600,000 
1,980,000 
2,400,000 
2,500,000 
1,500,000 
1,800,000 
1,300,000 
890,000 
1,700,000 
2,560,000 
2,000,000 
1,900,000 
1,390,000 



of 



24 

9 

12 

3 

3 

12 

3 

3 

3 

15 

15 

12 

7 



Lanza recommends that the modolas of rupture which may 
be safely assumed in practice should, for spruce and white-pine 
beams, be 8000 lbs. per square inch, but that for carefully 
selected timber we may take 4000 lbs. per square inch. For 
yellow pine he recommends 5000 lbs. per square inch, and 
that the factor of safety should be four, in building construction. 

Lanza also found, by loading beams for a considerable time, 
that the long-continued application of a load may produce 
two or more times the deflection produced by the load when 
first applied, and that the modulus of elasticity that may be 
safely assumed for a beam that may have to carry its load 
for a considerable time should be from one-half to two-thirda 
the modulus obtained from quick tests: thus for spruce, he 
recommends that the modulus of elasticity should be assumed 
at from 666,800 to 888,800, and for yellow pine from 878,950 
to 1,171,980 lbs. per square inch. He further considers that, 
although weakness in timber may be due to sap-woods, season- 
cracks, and decay, by far the most frequent cause of weak- 
ness is the presence of knots, which in most cases deter- 
mine the position of fracture ; again, that it is not safe to rely 
on any extra strength due to seasoning. 

The author recommends that for well-seasoned Australian 
timber the modulus of rupture used for 12" x 12" beams should 
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be 25 per cent, less than that recorded in the table — ^this 
recommendation is based on a few experiments on beams of 
this size of ironbark, red gum, and box — and that the factor 
of safety be taken as four for ordinary building construction, 
but that for bridges it should be eight for the live and four for 
the dead load. In view of Lanza's time-tests^ the modulus of 
elasticity used in computing the deflections of beams should be 
taken at one-half that recorded in the tables. The strength 
and durability of Australian timber are greater for winter than 
for summer felled timber, and the strength is greater in 
seasoned than in unseasoned timber; but experiments prove 
that natural seasoning is better than either kiln-drying or 
steaming. The average life of timber bridges in Australia is 
about 25 years. 

Generally the best timber is that which has grown slowly 
upon a soil rather dry than moist, and it is compact and heavy, 
the annual rings being narrow and uniform. Timber should 
show a hard, clear suzface when cut, and should be free from 
clefts, radial cracks, cup-shakes, or cracks between the annual 
rings. The trees should be felled either in mid-summer or in 
mid-winter, when the sap is quiet ; the latter is preferable. 
Timber beams should not be built into walls, or otherwise 
subjected to imperfect ventilation, and should be kept dry, 
although some timbers stand well when kept constantly wet ; 
but most timbers decay rapidly when exposed so as to be wet 
and dry alternately. 

Several different methods are in use for the preservation 
of timbers. Eyan's process consists of injecting corrosive 
sublimate (perchloride of mercury) into the pores. In Burnett's 
process chloride of zinc is used. In Boucherie's method 
sulphate of copper, while the Bethell process consists of satu- 
rating the timber with creosote. In these operations the air is 
exhausted from the tank in which the timber is placed, the sap 
drawn out from the pores, and the solution forced in under 
pressure. 

A perfect antiseptic should be insoluble in water, and non- 
volatile creosote appears to be the best, but enormous pressures 
would be necessary to force it into the hard woods of Australia . 
It is largely used for sleepers of soft timber. 



CHAPTER III. 

RESULTANT OF ANT NUMBER OF FORCES — GRAPHICAL REPRESENTATION 
OF MOMENTS OF FORCES — THE METHODS OF DETERMINING THE 
STRESSES IN STRUCTURES. 

The determination of the stresses in stmctores snch as trusses 
or girders is based upon the two following principles : (a) the 
principle of the resolution of forces ; (b) the principle of moments. 
The former may be stated thus : If any number of forces in the 
same plane act at a point, or at different points, of a rigid body, 
and are in equilibrium, the algebraic sum of all their components 
in any direction is zero. That is to say, the tendency to move 
the body in one direction is exactly balanced by an equal ten- 
dency in the opposite. The moment of a force about a given 
point may be defined as the product of the force and the perpen- 
dicular distance from the point to the line of action of the force. 
The second principle may then be stated thus : If any number 
of forces in the same plane act at a point, or at different points, 
of a rigid body, and are in equilibrium, the algebraic sum of the 
moments of these forces, taken with reference to any point in 
their plane, is zero. That is to say, the tendency to produce 
rotation of the body in one direction is exactly balanced by an 
equal tendency to produce rotation in the opposite direction. 
These two fundamental principles give rise to two methods of 
calculation, and each may be applied analytically or graphically, 
but it will generally happen in any particular problem that one 
method offers advantages in simplicity over the others. In 
order to illustrate these principles, let Fi, F2, P3, P4 represent 
forces acting in the same vertical plane, 0i, 02, 03, 04 denote the 
angles they make with the horizon ; let Xi^ X2, x^, x^ denote the 
perpendicular distances from any particular point in the plane 
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of the forces to the lines of action of the forces — that is to say, 
the moment of a force Pi about a point situated at a per- 
pendicular distance oti, from it is P^^Ti. 

Fig. 7 represents four forces in equilibrium, and the lines 





Fio. T. Fio. 8. 

are assumed to represent the forces in magnitude and direction, 
and the arrow-heads indicate the sense of each particular force. 
Now, the first principle may be stated thus — 

Pi sin ©1 + P2 sin 02 + P3 sin ^3 + P4 sin 0^ = 0, or SY = 
Pi cos 01 + P2 cos 02 + P3 cos 08 + P4 cos 04 == 0, or SX = 

The second principle may be stated thus — 

PiXi + PjaJj + Pa^a + Pi^i = 0, or SPar = 

The first principle is applied graphically by drawing a 
polygon, termed the " force polygon," the sides of which are 
parallel to the forces and equal in length to the magnitude of 
the forces, as shown in Fig. 8. 

This polygon will close, as the forces are in equilibrium. If 
the polygon does not close, the system of forces is not in 
equilibrium, and must have a resultant; thus Fig. 9 shows 





FiQ. 9. Fio. 10. 

a system of forces not in equilibrium, and Fig. 10 the incomplete 
polygon. 

The closing line, shown dotted, represents the resultant 
force in magnitude, and is parallel to it in direction; but it 
does not show its line of action, and, in order to discover this, 
we proceed as follows : — 

Take any point in Fig. 10 in the plane of the forces, which 
we will call the pole, and join it to the angular points of the 
polygon as shown in the dotted lines ; draw lines in Fig. 9 

D 
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parallel to the dotted lines radiating from in Fig. 10, com- 
mencing at; any point a on the line of action of the force Pi ; 
thus a b, Fig. 9, is parallel to the line from to the join of Pi 
and P2» Fig. 10 ; be is parallel to the line from to the join 
of P2 and P3, the points b and c lying on the forces Ps and P^ 
respectiyely. To find the point of application of the resultant 
B| we draw ad and cd parallel to the remaining lines in 
Fig. 10, viz. from to the join of Pg and B, and from to the 
join of Pi and B. The figure abed. Fig. 9, is termed the 
'' funicular polygon." As the pole 0, Fig. 1, may be selected 
anywhere in the plane, we have an infinite number of funicular 
polygons all passing through the point a. Fig. 9. Again, a may 
be taken anywhere in the line of action of the force Pi, thus 
producing an infinite number of funicular polygons for the 
infinite number of positions of a, while the pole 0, Fig. 10, 
remains unchanged. But whatever the position of the pole 
or the starting-point a, the intersection d, giving the position 
of the resultant, always falls on the line of action of the resultant. 
If the system of forces is in equilibrium, the funicular as well 
as the force polygon must close. The second principle is there- 
fore briefly expressed by stating that for forces in equilibrium 
the funicular polygon must close. 

Cnhnan'B Principle. — Suppose we have a single force P acting 
at A, Fig. 11. The force polygon in this case is represented by 
the straight line mHn, where mn represents the magnitude of 





Fio. 11. Fio. 12. 

the force to scale, Fig. 12. Select a pole 0, and join it with m. 
and n, which is equivalent to resolving the force P in two direc- 
tions. Draw through the point A, Fig. 11, two lines parallel 
to ^1, and 80, Fig. 12, and draw a line OH perpendicular to mn ; 
the distance OH is called the polar distance. Draw xp perpen- 
dicular to the direction of P, Fig. 11, and draw lines ab, cd, ef, 
parallel to P. Then the moment of the force P with reference 
to any point /i is P x M. But in Fig. 12 we have by similar 
triangles — 
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P : HO : : a6 : A/i 
/. P X Afc = HO X aft 

That is, the moment of the force P, with reference to any 
point, is equal to the ordinate drawn through thid point parallel 
to P, included by the two components into which P is resolved, 
multiplied by the polar distance in the force polygon. 

The same principle maybe applied to represent the moments 
of any number of forces. Let Pi, Pa, P3, and P4 represent four 
forces acting as in Fig. 18. Draw the force polygon ahcAc^ 
Fig. 14, and select a pole and draw the lines Oa, 06, Oc, Od, 
and Oe. Draw 1 2, Fig. 13, parallel to 06, 2 8 parallel to Oc, 8 4 




FiO. 13. 




Fio. 14. 



parallel to Qd. Draw a line 6 5 anywhere as a closing line, and 
OH parallel to it (Fig. 14). Then OH will represent to scale 
the stress in the closing line 6 5, and aH and He will be the 
forces at 6 and 6 parallel to the resultant B. Draw OM per- 
pendicular to the resultant B. Let the force x be resolved along 
6 1 and 6 6 ; these are represented in the force polygon by oa and 
oH. By Culman's principle the moment of x for any point g 
is OM X gf^ and since OM is constant, the moment is propor- 
tional to gf^ included between 6 5 and 6 1. The pole distance 
must be measured to the same scale as the force polygon, the 
ordinate gf to the scale of distance assumed in Fig. 18. 

The ordinate included between 6 1 and 6 6 is proportional 
to the moment of x for any point through which the ordinate 
passes. 

To find the combined moment of a; at any point j) upon the 
closing line of all the forces to the left or right of this point, 
produce 1 2 and 6 6 to meet in v ; then the moments of the 
stresses in 1 2 and 6 6 about the point r will be zero. Hence 
the moments of Pi and x about this point must also be zero, 
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since the forces are in equilibrium; but since the combined 
moment of any number of forces is equal to the moment of the 
resultant, the moment of the resultant of P^ and x about r must 
be zero, also the resultant of Pi and x must pass through r. 
The intersection of any two lines in an equilibrium polygon is 
the point of application for the resultant of the forces at the 
apices between these lines. Thus the intersection r of 6 5 
and 1 2 is the point of application for the resultant of Pi and x ; 
this is shown in the force polygon by joining Hb. If the force 
acting at r is resolved along the closing line 6 6 and parallel to 
the resultant, these components will be represented in the force 
polygon by hh, and AH, where hh is drawn perpendicular to 
OM ; the moment of HA is zero, because it passes through the 
point j9. The moment of &H is equal to the ordinate 'pq multi- 
plied by the pole distance upon hm by Gulman's principle, 
i.e. pq X ojn, or the projection of ob in a direction perpendi- 
cular to the resultant, or the distance om. We have, therefore, 
the following properties of an equilibrium polygon — 

(a) The intersection of any two of its lines gives a point 
upon the resultant of the intermediate forces. 

(b) The ordinate parallel to the resultant of all the forces 
multiplied by the projection, on a line perpendicular to this 
resultant, of the line in the force polygon corresponding to the 
line in the equilibrium polygon which is cut by this ordinate, 
gives the combined moment of all the outer forces, right or left, 
with respect to that point on the closing line through which the 
ordinate passes. 

The ordinates must in all cases be measured to the scale of 
length, and the projection in the force polygon to the scale of 
force. 

In the case of a beam supported at each end and loaded with 
any number of loads Pi, Pa, P3, etc., Fig. 15, draw the force 
polygon, which is here a straight line, making ab equal to Pi, 
be to P2, cd to P3, and select a pole and join Oa, 06, Oe, and 
Od, Fig. 16. In Fig. 16 draw 5 1, 1 2, 2 3, and 3 4 parallel to 
Oa, Ob, etc., in the force polygon and between the directions 
of reactions Y, Yi, and the forces Pi, P2, and P3 forming the 
equilibrium polygon. Join 5 4 and draw OH parallel to it ; then 
dR and Hi represent the reactions Y and Yi respectively. 
Draw OM perpendicular to the direction of the forces or loads, 
i.e. horizontal ; then the bending moment at any point p in 
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the beam of all the forces to the right or left of it is equal to 
OM X pq. 

The bending moment may be defined as the bending couple 
tending to produce rotation of one part of the beam upon 
the other considered relatively fixed, as at jp, Fig. 15. It is 




Fig. 15. 



d^ 




Fig. 16. 



the resultant moment of the external forces acting on the part 
of the beam to one side of the section, these moments being 
taken about a horizontal axis in the section. 

The DeterminatioiL of Stresses in Braced Struotores.— The action 
of vertical loads in producing transverse stresses in beams will 
be considered in the next chapter, but the principle of moments 
may also be applied to find the stresses in braced structures. 
As stated by Bankine, '' If a frame be acted upon by any system 
of external forces, and if that frame be conceived to be com- 
pletely divided into two parts by an ideal surface, the stresses 
along the bars which are intersected by that surface balance 
the external forces which act on each of the two parts of the 
frame. ''This theorem furnishes in some cases the most 
convenient method of determining the stresses along the pieces 
of a frame." This method may be illustrated with reference to 
a common roof-truss shown in Fig. 125. The system of 
lettering adopted is that known as Bow's, which consists in 
assigning a letter to each enclosed area, and also to each space, 
enclosed or not, around or bounding the truss, and attaching 
the same letter to the angle, or point of concourse of lines, 
which represents the area in the diagram of forces. The 
angular points are denoted by the numbers 1, 2, 8, • . . 7. 

The loads written on Fig. 126, acting vertically downwards, 
as represented by the arrows, are produced by the dead load of 
the roof-truss, including its own weight and that of the roof- 
covering, purlins, ridge, etc., included between two principals, 
amounting to a total load of 6496 lbs., which is taken as 
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concentrated at the joints 1, 2, 8, ... 7 in the manner shown 
in Fig. 125. The resultant upward reaction is therefore 2486 
lbs. at each support. Divide the truss by the ideal surface 
or vertical section aa. Fig. 17. This section cuts the two bars 
1 2 and 1 8, which, according to our notation, we call AH and 

I 



K- 10' 




AZ respectively. We shall denote the stress in AH or AZ as 
AHi or AZi for shortness. Now, since, before the truss was 
divided by the section aa, the stresses in the two bars cut by it 
balanced the external forces, it follows that if we apply forces 
equal to these stresses they also will balance the external forces, 
and the system will be in equilibrium. The direction in which 
the arrows point will always be taken away from the portion of 
the truss which remains after the section is made, and moments 
which tend to cause rotation in the direction of the hands of a 
watch will be denoted by the sign + (plus), and moments tending 
to produce rotation in the opposite direction by the sign — 
(minus). To find the stress in the bar AZ, we take moments 
about any point in. the bar AH, excepting where it intersects AZ. 
Select the point 2, and measure the lever arms of the stress AZi 
and the reaction 2436, which are 2'16 and 10 respectively; 
these are written on Fig. 17, which represents the forces in 
equilibrium. We have, therefore — 

2436 X 10 - 2-16AZi = 

.-. AZi = + 11,274 lbs. 

The plup sign shows that the bar is in tension, so that we 
find both the magnitude and the character of the stress by this 
method. 

To find the stress AHi, take moments about any point in 
AZ excepting the point 1 ; select the point 8 and measure the 
lever arms ; then — 
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2486 X 10-83 + 2-21AHi = 0, and AHi = - 11,938 lbs. 

the minus sign showing that the bar is in compression. In like 
manner we may. proceed to determine the stresses in every 
member of the truss ; thus for the stress AB we take a section 
/S/Sy which cuts two bars in addition to the bar AB, and in such 
a ease it is most convenient to take moments about the point 
where these two bars meet, viz. the point 1. 

In Fig. 13 we saw that the moments of the stresses in 1 2 and 
6 5 were zero, because they were measured about the point r 
where the lines 1 2 and 6 5 intersect. For the same reason the 
moments of the stress AZi and AHi are zero ; the moment of 
the reaction is also zero (Fig. 17) ; 

.-. 10-8ABi + 10 X 1624 = 0, and ABi = - 1504 

which is compression. 

To find the stress in BI, take the section SS and moments 
about the point 3, Fig. 18. 

I / 




FiO. 18. 

2-21BIi - 1624 X 0-83 + 2436 x 1083 = 

.\ BIi = - 11328 (compression) 

To find the stress GZi, Fig. 18, take the section 77 and 
moments about the point 4 — 

6'16CZi - 1623 X 10 + 2436 x 20 = 

.-. CZi = 5270 (tension) 

To find the stress BCi, take moments about the point 0, Fig. 18 — 

- 3-25BCi + 1624 x 5 + 2436 x 5 = 

.-. BCi = 6246 (tension) 

The right-hand members of the truss will give results corre- 
sponding with similar bars on the left, which the student may 
easily prove. It will be observed that the stress upon any 
member of the truss is found independently of the stresses in 
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other members. The stress on a particular member can always 
be found if the section taken does not cut more than three bars. 
If three or more bars are cut, the stress on any bar can be found 
if the stress on one or more of the bars cut is known ; thus in 
Fig. 18 the section 00 cuts four bars, and we wish, for example, 
to find the stress GZi. The stress in the bar AB has been found 
to be - 1504. 

/. 6-16CZi + 2436 x 20 + (- 1504 x 10-«) = 

and GZi = 5270 (tension) as before 

The method of sections would be applied in the same manner 
to obtain the stresses in more complicated roof and bridge 
trusses ; thus, if Fig. 19 represents a portion of a bridge truss, 

the stresses in the three bars cut may 
obviously be found by taking moments 
about suitable points ; but if the points 
3 4 be joined the section cuts four bars, 
and the method fails. The structure in 
this case is said to be redundant, as it 
is indeformable without the line 3 4. If 
both the bars 3 4 and 2 5 are omitted the structure is deform- 
able, and may alter its shape without altering the length of 
the members 23, 35, 54, and 43. Generally, if n denote 
the number of sides of a closed figure, such as 2 3 4 5, and 
V the number of vertices or comers, then it may be proved 
that — 

For a deformable figure, n < 2v — 3 

For an indeformable non-redundant figure, n = 2t — 3 

For a redundant figure, n > 2i7 — 3 

Every bridge or roof-truss should be divided up into triangular 
spaces, so that for every enclosed space bounded by lines, 
ri =s 2v — 3. 

The stresses in braced structures, such as the roof-truss 
illustrated in Fig. 125, may be found graphically by means of 
a reciprocal figure. Two figures are said to be reciprocal if for 
every side of the one there is a corresponding side in the other. 
Corresponding sides are parallel, perpendicular, or inclined at 
some constant angle to each other. To every system of lines 
meeting at a point in the one figure there is a corresponding 
closed polygon in the other. A reciprocal figure can always be 
drawn if the original figure is indeformable and non-redundant. 
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Take, for example, the roof- truss illustrated in Fig. 125. Draw 
the force polygon to scale ; in this case it becomes a straight 
line. The convenience of Bow's notation will now be more 
apparent. The reciprocal figure, Fig. 126, is drawn by com- 
mencing at K in the force polygon, and drawing the line KE 
parallel to the line EE in the roof-truss, Fig. 125, and drawing 
ZE parallel to ZE in Fig. 125 to meet it in E. Then, since 
EZ, Fig. 125, represents the reaction at the support 7, which 
is in equilibrium with the stresses KEi and EZi, the triangle 
KEZ, Fig. 126, is the triangle of forces, and the length of the 
line KE, measured to the same scale as the force polygon, 
represents the stress KEi ; also the length of the line ZE, Fig. 
126, represents the stress ZEi, and the stress in every other 
member of the truss is found by completing the reciprocal 
figure in the manner shown, and measuring the length of each 
line in Fig. 126 to find the stress in the corresponding member 
of the roof-truss. Fig. 125. Every line in Fig. 126 is parallel 
to the corresponding line in Fig. 125, and, completing the figure 
from D by drawing DE parallel to DE, Fig. 125, and so on, 
we prove the accuracy of the work by the closing line AH, Fig. 
126, being parallel to AH, Fig. 125. It will be noticed that 
for every space in Fig. 125 there are three lines diverging from 
a point in Fig. 126 having the same letter against it as the 
space ; thus the space G, Fig. 125, bounded by the lines GB, 
GD, GZ is represented in Fig. 126 by the three diverging lines 
radiating from G. The determination of the character of the 
stresses is second only in importance to the determination of 
the 'stresses themselves. In Fig. 126 the thick lines denote the 
compressive stresses, and the thin lines the tensile, which are 
determined as follows : — 

The forces 2436, KE, and EZ, Fig. 125, are in equilibrium, 
and are represented by the closed polygon KEZ, Fig. 126. 
Follow round the polygon. Fig. 126, starting with the known 
upward reaction ZK = 2486, and indicate the direction of the 
forces by arrows as shown ; put arrows on the corresponding 
stresses in Fig. 125, then it is seen that KE acts towards the 
point 7, and is therefore compressive ; EZ acts away from it, and 
is tensile. If EK is produced to the right, it is seen that the 
stress must be tensile. Hence the following rule : Take any 
apex of the frame as a system of forces in equilibrium. Follow 
round the polygon formed by these forces in the direction 
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indicated by those forces whose direction is already known, and 
transfer the directions thns obtained from the forces to the apex 
under consideration. If the stress acts towards the apex, the 
piece is in compression ; if away from the apex, the piece is in 
tension. The results found by measuring the lines to the proper 
scale in Fig. 126 may now be compared with those obtained by 
the method of sections. The principle of the resolution of forces 
may be applied algebraically by using the general equations of 
equilibrium, and the stresses determined by means of the 
method of sections and also by means of the reciprocal figure 
might have been determined by means of these equations. The 
objection to the algebraic method in such cases is the necessity 
of measuring all the angles which the bars make with their 
horizontal and vertical components. The method is too tedious 
when applied to a single roof or other truss, but may be useful 
when applied to a number of such trusses of similar angles, but 
with bars of different length. 



CHAPTEE IV. 



BENDING MOMENTS AND SHEARING STRESSES. 



The action of trausverse loads in producing stresses in beams 
may be conveniently studied with reference to a beam fixed at 
one end and loaded at the other. 

Fig. 20 shows snch a beam fixed by building it into a wall, 
and loaded at the extremity with a load W. The deflection or 
bending produced by 

V 



the load is exaggerated 
for the sake of clear- 
ness^ and it may be 
observed that the fibres 
on the convex side of 
the beam are length- 
enedy while those on the 
concave side are short- 




FlO. 20. 



ened. The upper part of the beam is consequently in tension, 
and the lower part is in compression, while, somewhere between, 
tension must change to cpmpression. The layer of fibres at 
which the change from tension to compression occurs is called 
the neutral layer, as it is neither lengthened nor shortened by 
the bending of the beam, and is therefore not subjected to either 
tension or compressive stresses. 

If the beam is supported at both ends and loaded in any 
manner by vertical loads between the points of support, the 
tensile and compressive stresses developed in the beam will be 
as indicated in Fig. 21. 

Besides the direct tensile and compressive stresses which are 
developed in the beam in consequence of the bending, there are 
other stresses which may be realized by clamping together a 
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number of planks, such as would be obtained by making hori- 
zontal sections of the beam shown in Fig. 21, and loading in a 

similar manner. It 

will then be observed 

that each section slides 

upon the other, and 

overlaps in the manner 

*''*•"• indicated in Fig. 22; 

hence we conclude that there are horizontal stresses developed 

in a beam when loaded which tend to make the various 

layers slide upon each 
other. Again, if, in 
the beam shown in 
Fig. 20, we imagine 
two forces applied at 

Fig 23« 

any section a6, each 
equal to W, and acting in opposite directions so as to neutralize 
each other, it is clear that the three forces are equivalent to a 
couple tending to produce rotation of the beam to the right of 
the section a&, and an unbalanced force W. Hence we conclude 

that there are vertical 

stresses developed in 

a loaded beam which 

tend to make the 

*'*®-^- *''®*^* layers slide upon each 

other in vertical planes, as indicated in Figs. 28 and 24. These 

horizontal and vertical stresses are termed shearing stresses. 

The stresses produced in beams subjected to transverse loads 
may be summarized as follows : — 

(a) Direct tensile and compressive stresses, (b) Horizontal 
and vertical shearing stresses. 

The term '' bending moment " has been defined in Chapter lU. 
The bending moments and shearing stresses for the various cases 
which occur frequently in connection with the construction of 
ordinary beams and girders will now be considered. 

Case I., Figs. 25, 26, and 27. — A beam fixed at one end, 
termed a cantilever, is loaded at the other with a load denoted 
by W. This and the following problems may be solved by 
applying Gulman's principle, but it is proposed to treat them 
algebraically as being rather more convenient for this class of 
problem. Let x denote the distance from the extremity to the 
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section at "which the bending moment is required ; let c denote 
the length of the cantilever. Let M denote the bending moment, 
and S the shearing 
stress. From con- 
siderations in connec- 
tion with Fig. 17, it 
follows that — 






Wr 




Fic. 25. 



Fig. 26. 



v[ 
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M = Wa5,andS = W 

M will have its greatest 
value when a; = c, and 
S is constant through- 
out the length of the beam. Hence the bending moments are 
represented graphically in Fig. 26, where the maximum bending 
moment Wc is drawn to scale, and the bending moment at any 
point may be found by measurement. In a similar manner 
Fig. 27 represents the constant shearing stress. If W = 10 lbs., 
and c = 8 inches, then Wc = 80 inch-pounds, so that the bending 
moments are expressed as inch-pounds or foot-tons, according to 
the units of load and distance used. The shearing force is 10 lbs. 
Case n., Figs. 28, 29, and 80. — A cantilever loaded with 
a uniformly distributed msaiMA .. ^ 1 1 

load of W per unit of ™™'«" 

length over its whole 
length. Adopting the 
same notation as be- 
fore, and remembering 
that the uniform load 
to the right of the 
section may be con-, 
sidered as concentrated 
at its centre of gravity, 
and acting with a lever- 
age equal to the distance 
of the centre of gravity 

from the section under consideration, viz. *^, we have — 




Fia. 28. 
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Fig. 30. 



X 



2' 



X 



M=:WX X - = 



WX 



2 



W& 



^hich is a maximum when a; = c, viz. M = — , at the point of 
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fixing. Again, the shearing stress is equal to the load on the 
right of the section, which increases uniformly to the point of 
fixing; hence Fig. 29 represents the bending moments, and 
Fig. SO the shearing stresses on the same principles as explained 
in connection with Case I. It may be observed that in Case I. 
the equation of bending moments is that of a straight line, while 



wx* 



in Case 11. the equation Ms- is that of a parabola, the origin 

being at the extremity ; hence we may determine points in the 
curve by solving the equation for M after substituting for x its 
value in feet or inches, and for tr its value in tons or pounds ; 
or the curve may be drawn by any of the geometrical methods, 

having first calculated the maximum ordinate -— . 

Let u; = ^ a ton per foot run, and let <; = 6 feet ; then — 



if x = l 

« = 2 

X =^4i 
X =s 5 

a; = 6 



M = 0*25 foot-tons. 

M = l-00 

M = 2-25 

M = 4-00 

M = 6-26 

M = 9-00 



»* 



9f 



99 



»f 



»> 
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Case m.. Figs. 81, 
32, and 33.— A canti- 
lever loaded at the 
extremity with a load 
W, and with a uni- 
formly distributed 
load of w per unit of 
length. This case is a 
FiQ. 32. combination of Gases 
I. and II., and the 
equations may be 
written down at once, 
thus — 
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S = W -I- ii?x 

The diagrams of 
bending moments and shearing stresses are shown in Figs. 
82 and 83. 



Fig. 3&. 
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Case IV., Figs. 84, 36, and 36. — A cantUever loaded with 
any number of concen- 
trated loads. ^ ,» jo ,v pj^ 3^ 

LetWi,Wa,W3,etc., 
denote the loads, and 

^19 ^29 ^3f ^tc, the dis- 
tances from the fixed 
end respectively. Then 
the moment at h is 
Mfr = WaC^a - aTa) ; in a 
similar manner Ma=: 

The moment about the 
fixed point is — 

M = War, + Waa^a + WiOTi + . . . 

The shearing stress is zero from the extremity to c ; from c to 
h it is W3 ; from 6 to a it is W3 + Wa ; from a to the point of fixing 
it is W, + Wa + Wi + . . . 

Hence the diagrams Figs. 35 and 36 represent the bending 
moments and shearing stresses respectively. 

Caw v., Figs. 37, 38, and 39.— A cantilever partially loaded 
with a uniformly dis- 




FiQ. 36. 




Fio. 37. 



Fio. 38. 






tributed load of w per 
unit of length (Fig. 
37). Let X denote the 
distance of the section 
of the beam at which 
the bending moment 
is required from the 
point of fixing; then, 
considering the loads to the right of the section, we have : Load 

= w(a + & - a?) acting with a leverage = — - ; therefore 



Fio. 3». 



the bending moment is — 



w 



M = -(a + & - xf 

The bending moment at a section situated at a distance a 
from the point of fixing is found by making a; =? a in the fore- 
going equation, thus — 



48 



Engineering Construction. 



7V 

2 

To find the bending moment between this last section and 
the point of fixing, we observe that a is greater than z; thus — 

2 



M = wl(' + o — aj j 



The maximum bending moment occurs at the point of fixing, 
where a: = o; then — 

M = tch(J^ + a) 

We observe that the diagram of bending moments, Fig. 38, 
is a parabola immediately under the load, and a straight line 
(viz. the tangent at the extremity of the parabola) from the 
left extremity of the load to the point of fixing. The diagram of 
shearing stresses, Fig. 39, needs no comment. 

Case VI., Figs. 40, 41, and 42. — A beam supported at both 

^1 A^ ends and loaded in 

J |. 1 , \j — jjjQ centre. Let h 

r^ '**'**■ =the distance be- 
tween the points of 
support ; c = the 
half distance ; x = 
the distance of the 
section at which the 
bending moment is 
required from the 
centre of the beam. 
Then the pressures 
on the points of support will be equal to one another, and to 
half the loiad W, and there will be a corresponding reaction 
€tcting upwards of the same amount. We may consider the 
beam fixed at the point where the bending moment is required, 
And consider the forces on one side of it as acting on a beam 
fixed at one end. Considering the forces to the right of the 
section, and denoting forces acting upwards by the sign — , and 
ihose acting downwards by the sign + , we have — 

W 




FlO. 41. 



•r Fio. 42. 
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Wc 
which is a maximum, and = —r- when x = Oy i.e. at the centre 

Ji 

of the beam. 

If we had taken the moments of forces to the left of the 

section, we should have found — 

W W 

M = - -^(c + flj) + Wo: = - -'(c - a?) 

as before. 

Since I = 2c, we may write — 



«= -?(!-') 








W/ 

and when a: = 0, M = 7 . 

4 

The shearing stress is constant from the supports to the 

W 
centre, and equals — ; at the centre the shearing stress is zero. 

The diagrams of bending moments and shearing stresses are 
shown in Figs. 41 and 42 respectively. 

Case Vn., Figs. 43, 44, and 45. — ^A beam supported at both 
ends, and loaded at yj^ tw^ 

a point between the . Th »-- - AT 

centre and one of the iMfl — — L — L--- -^w* ' f»- *«• 

supports (Fig. 48). 
Let m and n denote 
the segments into 
which the load W 
divides the beam, and 
let X denote the dis- 
tance of any section * ' I iv. fic. 45. 
from the right sup- 
port. The reaction at the left support is, by the law of the lever, 

T-, and at the right support -,-. Then — 

M = - ^ + W(a; - ^;0 
I 

which equals a maximum when x = m, i.e. at the point of 
application of the load — 



Fxo. 44. 



M = 



I 



E 
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The Bhearing stress is constant from the right abutment to 

Wn 

the point of application of the load, and equal to - ; it is also 



I 




-— * — -f---7 




Fio. 46. 
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constant from this point to the left abutment, and equals 

The diagrams of bending moments and shearing stresses are 

shown in Figs. 44 and 45 respectively. 

Case Vni., Pigs. 46, 47, and 48.— A beam supported at both 

ends, and loaded 
with a uniformly 
distributed load of 
xc per unit of length. 
Pig. 46. The re- 
actions at the sup- 
ports are both equal 
to half the load, i.e. 

wl 
. Considering the 

distributed load to 
the left or right of 
Fro. 48. the section as con- 
centrated at its cen- 
tre of gravity, and 
acting with a leverage equal to the distance of this point 
from the section under consideration as in Case II., we have, 
denoting the distance of any section from the centre by x — 

"=-f(^')^ia-^)'=-ff(i)'-«'i 

M is a maximum when x = o; i.e. at the centre of the beam 
we have M = — . If x is measured from one of the points 



8 



w 



of support, we have M = — --{Ix — a?). We observe that the 

curve of bending moments is a parabola (Pig. 47), the central 

wP 
ordinate of which is equal to - ; the bending moment at any 

8 

other point may be found by drawing the parabola and measur- 

wP 
ing the particular ordinate to the same scale as — -, or we may 
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make use of the equation of bending moments, substituting for 

X its distance from the centre of the beam, or from a support. 

If the beam or girder is 60 feet between the centres of the 

supports, and the load per foot run is 1*13 tons, we have the 

1'13 
equation of bending moments M = ~T~(30^ "• ^)> where x is 

measured from the centre, and we may tabulate the results as 
in Fig. 49. 

The shearing stress at any section in the beam is found by 
subtracting the load between 
the section and the nearer 
support from the reaction at 
that support. Since the re- 
action at both supports is 

wl 
half the load, viz. —, it fol- 

lows that the shearing stress 
must gradually diminish to- 
wards the centre of the beam, 
where it is zero. The shear- 
ing-stress diagram is drawn 
in Fig. 48. If we measure x 
from the centre of the beam, 
S =^wx. 

Case IX. — ^A beam supported at both ends and loaded with 
a central load W, also with a uniformly distributed load of w 
per unit of length. This is obviously a combination of Cases 
YI. and YIII., and the equations of bending moments and 
shearing stresses may be written thus— 

When x = 0, M is a maximum, and — 

WZ ?rP 
4 
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M= - 



8 



W 

Also S = — + trx 

A 



I 



vhich has its maximnm value when x = ^, i.e.— 

Ik 

Vf wl 
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Cmo X., Figs. 60, 61, and 52. — ^A beam supported at both 
ends, and loaded with a partially distributed load of w per unit 
of length (Fig. 60). The total load is %ch, and the load to the 




iW; 



:.,J 



.3^""^=^ 

•(«-<l( 
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Fig. S2. 



left of the section at a distance x from the left abutment its 

X ^ ct 

w{x — a), acting with a leverage of — . The reaction at 

wb / h\ 

the right support is 7(^ + 9)* ^^^ ** ^^^ 1®^ support it is 

— h-ra + -j|. Taking moments to the right of the section 
under consideration, we have — 

/7\f 

The maximum value of M is found by making -3— = 0, or 

dx 



- wdbc 2a + 6 

If^ = a,M=.— JZ-— - 



I 



If x falls between the left of the load and the left support — 

_, wbx / . 2a + b\ 

In a similar manner, if x falls between the right of the load 
and the right support — 
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The diagram of bending moments^ Fig. 51, is a parabola 
for the length h immediately under the load, and straight lines 
tangential to the parabola between its extremities and the 
supports. 

The shearing stress from the right support to the right 
extremity of the load is equal to the reaction ; thus — 

«=-f(»^i) 

In a similar manner, the shearing stress from the left 
support to the extreme left of the load is — 



S 



-%-{"<)] 




At any section intersecting the load the shearing stress is — 

It equals zero for some section intersecting the partial load, 
T^hich section may be found by making the above expression 

for S equal to zero. r - - /-* 

The maximum value | j "^ | f,o, 53, 

occurs when a; = a, 

or X ^ a •\' h^ in 

which cases 8 is the .^ ^| ^ — "^"^ ^'<*- "• 

reaction at the left 

and right supports *-'' 

respectively. The diagram of shearing stresses is illustrated 

in Fig. 52, and the point y denotes the position of the section 

where the shearing stress vanishes, and the bending moment 

is a maximum. 

If the partial load extends from the right abutment to some 
point in the beam, then (Fig. 58) a = Z - b, and the equation of 
shearing stress becomes — 

S = - "^^^{Z - (Z - & - 1) I + u;{^ - (Z - h)} 

which has its maximum value when ;r = Z — &, or at the extremity 
of the load, thus — 
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w.« 







^=~ 2r 

This is the equation of a parabola (Fig. 54). It is convenient 
to denote the distance to which the load extends beyond the 

I 
centre of the beam, measuring from the right, by x ; then ^ + ,j 

= 6, and the equation of maximum shearing stresses becomes — 

This is in a convenient form for calculating the maximum 
shearing stress produced by a live load extending from the 
right support. A similar parabola would indicate the maximum 

shearing stresses if the live 
load came on from the left 
support, the maximum ordi- 
nate would, however, in 
this case appear at the right 
support. It is clearly only 
necessary to determine the 
values of S for the left half 
of the beam. As an ex- 
ample, let Z = 60 feet, and 
the live load w = 0*75 tons per foot run. Let the dead load 
per foot run be 0*38 tons ; then the total shearing stress is — 

0'75 

S = 0-88x + — (x + 80)'* = 0-88a; + 0-00625(a; 4- 80)* 

The diagram may be drawn as in Fig. 55. 

Case XI., Fig. 66, 57, and 68. — ^A beam supported at both 
ends and loaded with a series of concentrated loads, Wi, W2, 
W3, etc. (Fig. 66). Let Ei and Ea denote the reactions at the 
supports; let ai, a^, Og, etc., denote the distances of the points 
of application of Wi, W2, W3, etc., respectively measured from 
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a^ 



^y 



<hy 



the left support. Then E^ = /Wi + - W^ + ^Ws, and Ei 4- E^ 

= Wi + W2-|-W3; hence Ei = Wi 4- Wa-h W3 - E^. The re- 
actions at the supports having been determined, the bending 
moments at the points of application of the loads may be 
expressed thus — 
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At the point of application of Wu M = — EiOi 

W2, M = - Rifl, + Wi(a2 - oi) 
W3, M = - Ria3 + W,(a3 - a,) 

+ Wi(a3 - Ox) 



»» 



j» 



>» 



>> 



>> 



)l 
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At a section distant x from the left support— 

M = - Eia: + Wi(a; - Oi) + WaCa; - Oa) + WaCo: - 03) 

The diagram of bending moments. Fig. 67> is an irregular 
polygon. 
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Fio. 60. 



Fio. 61. 



Fio. 62. 



The shearing stress from the left support to the point of 
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application of Wi is Bi ; from the point of application of Wi to 
that of Wa it is (Ri - WJ. 

From Wa to Ws, S = Ri - Wi - W, 
From Wj to the right support, S = Ri - Wi - W, - Ws = R 

The diagram of shearing stresses is therefore a stepped 
figure (see Fig. 58). 

As an example of this case, take a beam of 24 feet span 
supported at each end, and loaded, as shown in Fig. 59, with 
four equal weights of 9 tons each. This example corresponds 
with that of a cross-girder in a railway bridge carrying a double 
line of way, and receiving its maximum load from the weights 
concentrated by the driving-wheels of the locomotive. 

Since the loads are symmetrically arranged with regard to 
the centre of the girder, the reactions at the supports are each 
equal to 18 tons. The bending moment at a and d is — 

M = 18 X 4 = 72 foot-tons 
At 6 and c, M = - 18 X 9 + 9 X 5 = 117 foot-tons 

The diagram of bending moments is shown in Fig. 60. The 
flhearing-stress diagram. Fig. 61, shows that there is no shear- 
ing stress from & to c in the centre of the girder. If the shearing- 
stress diagram is drawn for only two loads, as in Fig. 62, the 
shearing stress in the centre is 4*875 tons, showing that the 
maximum shearing stress in the centre, i.e. from h to c. Figs. 
57 and 60, of a cross-girder carrying a double line of railway 
occurs when one line only is traversed by the live load. The 

maximum shearing 
:» r^^ stress at other por- 

tions of the cross- 
girder occurs when 
it is fully loaded on 
both pairs of rails. 

Case Xn., Figs. 63, 
64, and 65. — ^A beam 
supported at two 
points situated at a 
distance c within the 
extremities of the beam, with equal overhanging portions, 
and loaded at the centre and ends with concentrated loads 
each equal to W. 




Fig. 63. 



Fio. 64. 
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The bending moment at each support is Wc, as in an ordinary 
cantilever. This downward bending moment produces an up- 
ward bending moment between the supports, which is uniform 
throughout the length Z, and also equal to Wc. The central 
load produces a downward bending moment, which, in the centre 

WZ 
of the beam, is -— -, so that the actual bending moment in the 

4 

centre is — 

M = - Wc + ~ 

4 

The shearing stress is uniform throughout the length Z, and is 

W 
equal to - ; and throughout each of the overhanging portions, 

as in the ordinary cantilever, the shearing stress is W ; hence 

W 8W 

the pressure on each support is W + — = — . 

The diagrams of bending moments and shearing stresses are 
therefore as shown in Figs. 64 and 66, from which it may bo 
observed that at the points a and h there is no bending moment. 

Case XIII., Fig. 66, 67, and 68.— A beam supported in a 




Fig. 66. 
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Fio. 68. 



similar manner to that described in Case XIL, but loaded with 
a uniformly distributed load of to per unit of length (Fig. 66). 



wc 



% 



The bending moment at each support is ^ , as in an ordinary 
cantilever loaded uniformly; this downward bending moment 
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produces a aniform upward bending moment between the 
supports, which also equals . 

The load between the supports produces a downward bending 
moment, which at the centre of the beam is — » so that the 
bending moment in the centre of the girder is — 



M= - 



wi^ tcl 
— + 



The shearing stress for the cantilevers is wc at supports, and 

id 
for the length I ib > therefore the pressure on each support 

is — 

wc + - 

The diagrams of bending moments and shearing stresses are as 
shown in Figs. 67 and 68. It may be observed here, as in 
Case XII., that at a and b there is no bending moment ; these 
points are known as points of inflection or contra-flexure. 
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Fig. to. 
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Case XIV., Fig. 
69, 70, and 71. — 
Beam supported at 
two points situated 
at a distance I from 
each other, with an. 
overhanging por- 
tion. The beam is 
loaded with a uni- 
formly distributed 
load of w per unit 
of length over the 
distance I, and with a load W concentrated at the extremity of 
the overhanging portion. 

The bending moment at the end support is zero, and at the 
other support Wc. The latter bending moment produces an 
upward bending, and diminishes uniformly from the support, 
where it is a maximum, to the end, where it is zero. The 
uniform load produces a downward bending moment, which is 




Fig. 71. 



Bending Moments and Shearing Stresses. 59 



-— - m the centre of the portion of length Z. The resultant 

o 

bending moment in the centre of this portion is — 

8 "" 2 
The shearing stresses over the supports are each - . The 

shearing stress to the right of the intermediate support is W, 

and the pressure at the support is W + ~. The distribution of 

bending moments and shearing stresses is shown in Figs. 70 
and 71. 

Belation between the Bending Homents and Shearing Stresses. — 
If M and Mi denote the bending moments at two sections of a 
beam at a distance 
m from each other, 
and if S denote the 
shearing stress at 
the section where the 
bending moment is 
M, then^ if m is very 
snaall — 

Mi-M 

m 




i» - m - -^ — ar — 



Fig, 72. 



= 8 
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Consider the case of a cantilever loaded at its extremity 
(Fig. 72). 

Mi - M = Wm 
Mi-M 



m 



= W = S 



If the load is distributed uniformly over its length, then — 
M = ~- ; Ml = -(x + my = -z(a^ + 2xm + m^) 

and since m is a very small quantity its square may be neglected, 
and — 

M. -M ^ 

ni 

If the load is uniformly distributed over a beam supported 
at both ends — 
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Where x is the distance from either abutment — 

Mi = ^{(te + TO) - (ai» + 2a!»i + »«»)} 

and neglecting iv? as before — 

Ml ^'(Ix + Im - a5» - 2«m) 

m 2 

If we differentiate the equation of bending moments, we 
obtain the equation of shearing stress, thus — 

dx 2 ^ ^ 
and generally it may be proved that — 

at— «---v tff. --- =S 

ax 



;a*- 




© 






]i:£ Consider the case of 

a beam supported at each 
^'®'*- end, and loaded at any 

point with a load W, Fig. 74. 



X 

Here M = Rio; - S W(a; - a) 

o 

X 

and M + AM = Ri(x + Ax) - S W(x - a + A-f), nearly 

o 

X 

Hence AM = RiA.r — 2 WAa;, nearly 

, AM cM ^ ^^— Q 
and —— = ---=: Bi - 2 W = S 

Ax dx ^ 

If we consider the shearing-stress diagram in Case I., we 
see (Fig. 27) that the area is Wo, which is equal to the maximum 
bending moment. Fig. 78 ; also the area of any portion at a 
distance x from the end of the cantilever is Wo:, which is the 
corresponding bending moment at the section at the distance x 
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from the end of the cantilever. In Case II., the area of the 
whole diagram of shearing stress, Pig. 80, is wc x - = — , i.e. 

Ik u 

the maximnm bending moment ; also the area of the portion 
inclnded between the section at a distance x from the end is 

i£7ic X - = -^, t.«. the bending moment at that section. 

In Case YI., the area of the rectangles on either side of the 

centre is 77 x ~ = -7, i.e. the bending moment at the centre. 

2 2 4 

In Case VII. the same relationship exists, and the area of 

the rectangles on the left of the load is equal to that on the 

right, viz. — 

Wm Ww 

-^xn = — xm 

i.e. the bending moment at the point of application of the 
weight. In Fig. 69, the area of the shearing to the left of a 
is 18 X 4 = 72, and to the left of i is 18 x 4 + 9 x 5 = 117. 

In Cases XII. and XIII., the areas of the diagrams. Figs. 
66 and 68, between a and b, equals the bending moment in the 
centre, and the areas of each of the diagrams from the points 
of contra-flexure to support is equal to the bending moment at 
the support. 




CHAPTER V. 

MOMENT OF RESISTANCE — INTENSITT OF HOBIZONTAL AND YEaXICAIi 

SHEABING 8TBE8SE8. 

We have seen that when a beam is bent as in Fig. 75, the 
neutral layer is unchanged in length, and it may be proved 
that the layers on either side of it are lengthened or shortened 
in proportion to the distance from the neutral layer. It is 

assumed that the axis 
of the beam when 
unloaded is hori- 
zontal, and the loads 
producing bending 
^'*' ^*- act at right angles to 

the beam. The effect of the loading is to cause the beam to 
assume a curved form, and sections of the beam which were 
parallel in the unloaded beam converge towards the centre of 
curvature in the loaded beam. 

Let B = the radius of curvature in the loaded beam. 

a = the elongation per unit of length of the fibre 

situated at a distance pi from the neutral layer. 
I =■ the distance between two normal sections of the 
unloaded beam assumed to be indefinitely near 
to each other. 
Then the fibres at a distance of y from the neutral axis 
will be extended by an amount al, and the length between two 
normal sections will be Z + al, and by similar triangles we 
have — 

and if y^ denote the distance from the neutral layer to another 
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layer of fibres, and 02 the extension or strain per unit of length, 
then — 



B 



^ a-> 



and therefore — 



2^1 _«i 
2/2 02 



I.e. the strain is proportional to the distance from the neutral 
axis. 

We may represent this law graphically as in Fig. 76, where 
ac equals the strain at the extreme fibres, ah the depth of the 
beam, and dc* the strain at the layer of 
fibres situated at a distance y^ from the 
neutral layer or axis. Hence it follows 
that the resistance which a layer of 
material will offer to the stresses developed 
in it will be proportional to the distance 
of the layer from the neutral axis ; also 
that the neutral axis corresponds with the 
centre of gravity of the section, provided 
that the elastic limit of the material is not 
exceeded. 

If/ denote the intensity of stress at a 
distance y from the neutral axis, and /i denote the intensity 
of stress at a distance ^1 from the neutral axis, then — 

/i :/::yi:2/> and/i =-^' 

The moment of resistance of a layer is equal to its direct 
resistance multiplied by its distance from the neutral axis ; 
hence if h equal the breadth of the layer at a distance y^ from 
the neutral axis, and dy its thickness, and /i its greatest resist- 
ance to stress within the elastic limit of the material, then 
the moment of resistance of the layer is — 



-«- - — - 

- r — -» — - 


1 y 

a'. J^ 


7 ! 

: r 


/ 


\ 1 
1 1 


k 



Fra. T6. 



bdy X 2/1 X /i = bfiyidy = 



hfiNy 
y 



and, since this will be true of every section, the moment of 
resistance of the whole section is, if h is constant — 



I 
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h h (y 

^^Jidy, or' -/ yHy 



y 
fy 

but l>2y^dy or h I y^dy = I 

where I denotes the moment of inertia of the section with 
reference to the neutral axis. Therefore the moment of resist- 
ance is equal to — 

11 

y 

This formula is true of any section of any material provided 
the value of/ does not exceed the elastic limit of the material. 
If the beam is loaded till it is at the breaking-point, the formula 
is no longer true, as the strains produced are not proportional 
to the stresses producing them, and the neutral axis does not 
coincide with the centre of gravity of the section. 

If M denote the bending moment which produces fracture, 
then the equation between the bending moment and moment of 
resistance is generally written thus — 

M=-— (1) 

y 

from which is obtained — | 



This is an empirical formula, and / is termed the modulus of 
rupture, or coefficient of transverse strength. The valijie of / is 
not the tensile strength of the material, as may easily ble proved 
by breaking rectangular beams of known dimension/s in the 
testing-machine, and calculating /from equation (2). 

In the case of wrought iron, cast iron, and steel, th|e value of 
/ thus obtained will be greater than the tensile strong^ of the 
material. Sir B. Baker proved that in the case of steel and 
wrought-iron beams of rectangular section, the value, of/ is 70 
per cent, in excess of the tensile strength of the material. 

If an ordinary rolled iron or steel girder be broken in a 
similar manner, the value of /will be smaller than in a solid 
rectangular section, but stiU greater than the tensile strength of 
the material. In a well-proportioned wrought-iron or steel- 
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built girder this difference between the value of the modulus of 
rupture and the tensile resistance of the material is so small 
that it is generally neglected in calculating the moment of re- 
sistance of the section, which is then taken as the moment of 
resistance of the flanges, the web not being considered with 
reference to resisting bending. The web is designed to resist 
the shearing stresses only. 

The reason why the modulus of rupture exceeds the tensile 
strength of the material is probably due to the plastic flow 
which occurs after the elastic limit has been passed. The 
extreme fibres in stretching are partially relieved of stress, 
which is transferred to the layers of fibres nearer to the neutral 
axis of the section. The neutral axis therefore cannot coincide 
with the centre of gravity of the section under these circum- 
stances, but must move farther away from the most strained 
fibres until the point of rupture is reached. 

Sir B. Baker has shown, by the results of a large number of 
experiments on steel rails, that the tensile strength may be 
deduced from the modulus of rupture thus — 

Let A = the area of the section tested, such as a rolled 
girder, rail, T or bulb iron. 
Ai =: the area of a rectangle of the same depth as the 
section tested, but of a breadth equal to the 
widest flange. 
t = the tensile strength of the material, wrought iron 
or steel. 
Then in the case of solid, rectangular, or square sections — 

/= f Tl -^ -— j = tensile strength 

For other sections — 

/ 70 A\ 

If, however, the elastic limit of the material is not exceeded, 

the equation /= -jt- is a rational formula, and may be used to 

determine the intensity of stress at the extreme fibre in any 

section. The value of - has been termed the modulus of the 

V 

section, and may be found when the moment of inertia and the 
distance y are known. 

F 
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For reetmgnlar leetiont the moment of inertia about an axis 
passing through the centre of grayity of the section may be 
proved to be — 

I « i^W,^ 

where h » the breadth and d =s the depth of the rectangle. 

For a square section it is ^^^f where d » the side of the 
square. 

The moment of inertia about an axis passing through one 
end of the rectangle is — 

The moment of resistance of rectangular beams is therefore — 

2 

/I 
For square beams, ■ - = ^ty. 

The moduli of the sections are IbcP and ^^ respectively. 
For symmetrical sections the moment of inertia may be found 
thus. 

The section should be divided up into rectangles and 
dimensioned as indicated in Fig. 79, and, since the moment of 
inertia of a rectangle about an axis passing through its centre 

* About an axis passing through the oentre of gravity (Fig. 77). Let x denote 
the distance of an elementary portion of the section from the axis ; let dx denote its 
thickness. Then the area of the element is 5 . dx, and its moment of inertia 



Fio. 77. Fig. 78. 

h ,dx X a;*, since dz is indefinitely small. The moment of inertia of the whole 
beam is — 

d 



= 6 I x*dx = ^ 
Jd 12 



2 
Abont an axis passing throngh one end (Fig. 78) — 



1 = 6 l^x'dX:^^- 
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of gravity is T^fttP, the moment of inertia of the whole section 
is — 

I = y., {a^ + h{J''^(^+c(f^f)+ d{h' - f) } 

For nnsymmetrical sectioni the moment of inertia may be 
found thus. 

The section should be divided up into rectangles and dimen- 

'• ty--— '-— ,---1 




■in 



-i.. 



J 



Fio. 79. 
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sioned as indicated in Fig. 80, and, since the moment of inertia 
of a rectangle about an axis passing through one end is ^bcP, the 
moment of inertia of the whole section is — 

As an example of a symmetrical section, take a rolled iron 
girder, 12! x 6" x i", as shown in Fig. 81. 
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The girder should be dimensioned as shown in Fig. 82, then 
the moment of inertia may be written down as follows : — 
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I = I'il'Sdl)' + 6(12^ - 11^} = 254 nearly 
The moment of resistance may be found thus — 

i\ 254 
Moment of resistance ="^=: —r x /= 42*3r 

y ^ 

If/ be taken as 5 tons per square inch — 

Moment of resistance « 42-3 x 5 = 211-5 inch-tons 

If it is desired to know the greatest load it will safely carry 

uniformly distributed over a span of 12 feet, we proceed as 

follows : Let W denote the total distributed load. The bending 

moment is — 

WZ W X 12 X 12 ,^^ . , . 
= = 18W mch-tons 

8 8 

/. 18W = 211-5, and W = 1175 tons 

11'75 
The maximum shearing stress is —r — = 5*87 tons ; and the 

It 

5*87 
intensity of shearing stress is -— = 1 ton (about) per square 

5*5 

inch. 

If we require to know the maximum intensity of stress 

produced by a central load of 5 tons, we have — 

^ = 42-8/= ^-^ = 180 

4 *^ 4 

/. / = -— = 4*2 tons per square inch (nearly) 

4ia*u 

2*5 

The maximum intensity of shearing stress is -— ; = '45 tons 

5*5 

per square inch. 

Moment of Resistance of Built Girders. — In plate web girders, 

consisting of horizontal flange plates united to a thin vertical 

web-plate by means of double angles top and bottom riveted 

to both the web and the flanges, the moment of resistance of 

the web-plate is very small compared with that of the flanges, 

and may be neglected without causing any serious error. In 

box girders, in which there are two or more web-plates, the 

webs should be considered by finding the moment of inertia and 

using the equation — 

f\ 
Moment of resistance = — 

y 



BlMl 
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In lattice girders the moment of resistance is usually 
calculated on the assumption that the flanges resist the bending 
stresses, while the web resists the shearing stresses as in the case 
of plate web girders. The moment of resistance in such cases 
may be expressed as follows : — 

Let /= the intensity of working stress, generally taken as 
the working tensile stress. 
a = the area of the tension flange after deducting for 

rivet-holes. 
d = the effective depth of the girder. 
Then we have — 

Moment of resistance =fad 

The bottom flange is designed by means of the above equation, 
and the top flange is usually made similar to it in every respect. 

The effective depth of the girder is generally taken as the 
distance between the centres of 
gravity of the top and bottom 
flanges whenever the flanges of ^/»^«l 
the girder consist of both hori- O.H RC7" 

zontal plates and angles; but 
when there are no horizontal 
plates, and the angles form the 
flanges, the effective depth is 
more correctly measured between 
the centres of the rivets uniting 
the web to the flanges. 

Fig. 83 represents a plate web 
girder, which will be used as an 
example of the foregoing method 
of finding the moment of resist- • \^ ^37 

ance, thus — fiq. 83. 

The area of the tension flange, 
after deducting two rivets 1 inch diameter, is — 

Three plates = 3(12 - 2 x l)i = 15 square inches 
Two angles = 2(7 - l)i = 6 square inches 
.'. A = 21 square inches 

The effective depth measured between the centres of gravity 
of the flanges is 1*6 foot. The working stress may be taken at 
5 tons ; then — 
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Moment of resistance ^fad = 5 x 21 x 1*5 =: 157*5 foot-tons 

The safe distributed load on such a girder on an effeetiTe 
span of 16 feet is found thus — 

W/_Wxl6 

8 "" 



8 



= 2W = 157-5 



/. W = 78-75 tons. 

This weight may be carried without the intensity of stress 
exceeding 6 tons on the flanges, provided that the girder is 
properly designed in other respects* 

As an example of an unsymmetrical section^ take a eaat-iron 
girder of the form and dimensions shown in Fig. 84. 
Let Ai = area of top flange = 5 x 1^ = 7*5 square inches. 
Aa = ,» bottom flange = 15 x 2 = 30*0 square inches. 
Afl = „ web = 17*5 x 1*75 = 80*625 square inches. 
X = distance of the centre of gravity of the section from 

the bottom edge of the bottom flange. 
Xi = distance of the centre of gravity of the top flange 

from the same edge. 
9^ = distance of the centre of the bottom flange from the 

same edge. 
x^ = distance of the centre of the web from the same edge. 

x(^h} +_Aa + A3) = k^oox + Ajia^i + A3CC3 

flc(68-125) = 7*5 X 20-25 + 30 x 1 + 80-625 x 10*75 
^ 511*094 

•*• ^ " 68125 ■" ^'^ 
The section of the girder should be dimensioned as indicated 
in Fig 85, for the purpose of finding the moment of inertia 



- r 



I 
I 
I 
I 

ti 

I 
I 
I 
I 
I 
I 

.X. 






EV?? 



y^ 



ee: 



« 






I 
I 

I 

I 



-«r — 



^^ 



FlO. 84. 



Fro. 86. 



with reference to the axis passing through the centre of gravity, 
which may be now written down — 
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I = ^{1-75(12^ + 5-5^ + 5(18-5^ - 12-*) + 15(7-5 - 5-5^} 
= 1(8815-156 + 3161-875 + 8832-5) 
= 8486-581 

In this case we have the moment of resistance for the 

tension flange. 

^ .... /J ft X 3486-581 
Moment of resistance = *^— = -— 

y% 7-5 

The moment of resistance of the compressive flange is — 
Moment of resistance = — = 



Vc 13-5 

If we allow 2^ tons per square inch as the maximum 
intensity of safe tensile stress on the extreme fibre, we have — 

nT . * •* 2-5 X 3436-53 1 -,,.^. , . 

Moment of resistance = —- = 1145*5 mch-tons 

7-5 

If we allow 7*5 tons per square inch as the maximum 
intensity of compressive stress, we have — 

TUT i / • * 7-5 X 3486-531 ..... , . 

Moment of resistance = -;r- = 1909 mch-tons 

13-5 

Hence since the moment of resistance of the tension flange 
is smaller than that of the compression flange, we must equate 
the former with the bending moment. The strength of cast- 
iron beams is, however, usually calculated by the following 
formula, which neglects the area of the web ; thus — 

Let / = the mean intensity of stress on the bottom or 
tension flange. 
a = the area of the tension flange. 
d = the depth measured between the centres of gravity 
of the flanges. 
Then- 
Moment of resistance =fad = 30 x 19-25/ » 577'5f 

Referring to Pig. 85, it will be seen that if 2-5 tons is the 
maximum intensity of tensile stress at the extreme fibre, the 
intensity of stress at the inner edge of the bottom flange is — 

2*5 X 5*5 

== 1*83 tons per square inch 

7-5 
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The mean intensity of stress is therefore — 

2-5 + 1-83 ^,^, 

_ = 2'lo tons per square mch 

Hence moment of resistance = 577*5 x 2*16 = 1247*4 inch- 
tons, which IB slightly greater than before. 

The ultimate resistance of cast iron such as woold be used 
in girder work is as follows : — 

Teonon ... ... ... ... 9 tons per square inch. 

CompresBion ... ... ... 43 „ „ 

Sheariog ... ... ... ... 8^ „ „ 

It follows, therefore, that in cast-iron beams of similar pro- 
portions to the one shown in Fig. 84, the tension flange will 
always be the weaker of the two. If the area of the top flange 
is diminished, so that the moment of resistance in compression 
is more nearly equal to that of the tension flange, the form of 
the section will not be so suitable for casting/ as the thinner 
top flange will cool first, and there wiU be a danger of a flaw 
in consequence of the subsequent contraction of the thick 
bottom flange. For the same reason the web is made tapering, 
and of a thickness equal to that of the flange it joins. Again, 
the flanges are tapered so as to draw easily from the sand. 
The thickness of the web is always greatly in excess of that 
necessary to resist the shearing stresses, and feathers or stiffeners 
should be avoided. The top flange, if reduced to the size 
required by theory, would probably buckle laterally. 

If the span of the girder, measured between the centre of 
its bearings, is 21 feet 6 inches, what is the greatest safe load 
it will carry uniformly distributed over its length ? 

Here — 

WZ W X 21-5 X 12 ^^ ^^^ 

-^ = Q^ = 32*25 W = maximum moment of 

resistance 

If moment of resistance = 1146 inch-tons 

32-25W = 1146 

^^ 1146 ^^ ^^ ^ 

•'• ^ = 32^ = ^^'^^ *^^« 

The greatest shearing stress will occur over the supports, 
and is — 
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85-58 ,^„^ 
— — - = 17*76 tons 

If the beam is of uniform depth and the flanges of uniform 
-width, the maximum intensity of shearing stress is — 

17-76 17-76 



area of web 80*625 



= '58 tons per square inch 



The beam may be varied in depth by curving the upper 
flange, or the width of the flanges may be varied, or both. 
If the safe intensity of working stress in shear is 1 ton per 
square inch, the depth over the supports may be reduced 
thus : where d denotes the reduced depth, and l*75d the area 
of the web— 

17*76 

l*75d "■ 
.*. d = 10 inches 

The modulus of the section of any material depends upon its 
form and dimensions. In symmetrical sections the relative 
resistance to bending per unit of area, in regard to a plane 
perpendicular to the axis about which the moment of inertia 
has been calculated (the axis passing through the centre of 
gravity of the section), may be found by dividing the modulus 
of the section by the area of the section. In unsymmetrical 
sections the same applies, if we remember that the distance 
from the most strained fibre must be that which will give the 
smaller moment of resistance. 

We have seen that the resistance of a layer of fibres is 
directly proportional to the area of the layer and to the distance 
from the neutral axis. If the resistance of the fibres at the 
extreme (or most strained) layer be denoted by unity, the 
resistance of the other layers may be represented graphically 
by drawing lines across the section, the lengths of which are 
reduced in the ratio of their distances from the neutral axis. 
In the case of the rectangle. Fig. 86, the lines are enclosed by 
two triangles, which represent the equivalent figures of uniform 
stress on the assumption that the stress is constant and the 
section varying, and the modulus of the section is equal to the 
area of one of the triangles multiplied by the distance between 
the centres of gravity of the triangles. 

If a denote the area of one of the triangles, and di the 
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distance between the centres of gravity, we have the modalas of 
the section, M, thus — 

Area of triangle = -7 ; and rfi = — 

4 3 

/. M =• Adi = — -, as before 

D 

If the same method be applied to a circular section, the 





Fig. 8t. 



Fig. 86. 



figure of uniform stress will be as shown in Fig. 87. The points 
through which these curves are drawn are found thus : Lines are 
drawn across the circle, such as aft, and perpendiculars let fall 
from their extremities, such as bd and ac, on to a horizontal 
line drawn through the top of the section ; c and d are then 
joined to o, intersecting ah in a' and V ; a' and V are points in 





Fio. 88. 




Fig. 89. 



FiG. 90. 



the curve of uniform stress. In a similar manner other points 
in the curves may be determined. Pigs. 88 to 96 show the same 
method applied to other symmetrical sections. 
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In the case of nnsymmetrical sections, snch as a rail. Fig. 97, 
proceed ae followe ; Find the centre of gravity of the section. 




\^mv 



; draw a line ab parallel to the line cA, and at a distance from 
1 to typ. Since cd is nearer to o than e/, it will offer a 





correspondingly smaller resistance, which is found by joining a 
and i to o, and noting the intersections c* and (F with cA. In 




a similar manner other points in the figure are determined. 
Figs. 98 to 101 show other nnsymmetrical sections. 
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Sir Benjamin Baker suggested^ that the areas of the shaded 
portions may be obtained by cutting them out from a sheet of 
some material of uniform thickness and weighing them against 
strips of the same material one inch wide ; thus, if zinc is the 
material, and a strip 10 inches long by 1 inch wide is used, 
pieces may be cut off and placed in the scale until an exact 
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balance is obtained ; the remainder subtracted from 10 inches 
gives the required area in square inches. The centres of 
gravity may be obtained by balancing each shaded area on a 
knife-edge. The accuracy of the work is proved by the equality 
of the two shaded areas on each side of the neutral axis, as 
demonstrated by weighing one against the other. 

The following tables give the dimensions, weights per foot, 
and moduli of section of some wrought-iron and steel girders 
made by a few well-known manufacturers. The central break- 
ing weight for any span may be found by the following equation 
as given in the beginning of the chapter : — 

/I ^ wz 
y 4 

or, for a distributed load — 

y 8 

where W includes the weight of the girder, I being the span in 
inches. 

The value of/ may be taken at 22 tons for iron, and 28 tons 
for steel. 

The strength of the steel girders manufactured by Messrs. 
Dormon, Long and Co., as given in their circulars, are calcu- 
lated with 32 tons as the value of /. 

* Proc. Inst. CJS., vol. Ixii. p. 251. 
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Distribution of Shearing Stresses. — ^We have seen that when 
a beam is loaded as in Figs. 20 and 21, horizontal and yeri;ical 
shearing stresses are developed. 

If a rectangular prism of area A is subjected to a compres- 
sive force W along its axis (see Fig. 102), 
the intensity of stress, ^, on a section 
normal to the axis is — 

On any oblique section, such as a&, 
inclined at any angle a, the intensity of 
stress may be found by resolving W along 
and perpendicular to aby and dividing 
by the area of the section over which the 
stress is distributed, thus — 

Along aft, X = W sin a 
Perpendicular to aft, Y = W cos a 

Area aft = A sec a 

Therefore the intensity of stress is — 

Along aft, W sin a cos a 
Perpendicular to oft, W cos* a 

If we consider the intensity of stress on a section at right 

IT 

angles to aft, we have only to substitute „ — a for a in the above 

equations.; thus we have — 

Along section, W sin a cos a 
Perpendicular to section, W sin' a 

Hence the intensity of stress along two sections at right 
angles to one another is the same. 

The greatest shearing stress will occur when W sin a cos a 

is a maximum, i.e. when = 3, or — 

w,(f)=f 

If we consider a cantilever loaded as shown in Fig. 103, 
the tensile and compressive stresses in the upper and lower 
flanges acting on a panel abed will produce equal and opposite 
reactions at the junction of the web with the flanges in the 

G 
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direction o to d and a to 6, forming a ooaple the moment of 
which, if H denote the forces and x the depth of the cantilever, 
is Hfl). This couple tends to prodace rotation of the panel 

ahcd ; hence there most be de- 
veloped a couple tending to 
produce an equal and opposite 
rotation, as c to b and a to d. 
If V denote the forces and y the 
arm of the couple, the moment 
is y^. The intensity of the 
stresses on the sections ah and cd at right angles to each other 
will equal the forces divided by the areas over which they are 
distributed; thus, if h and v denote the intensity of the 
stresses — 

A = — , and r = - 

y « 

therefore, since Hie = Yy, hyx = t-yx, and h = v. Hence the 
intensities of shearing stress on two planes at right angles to 
each other are equal, and if one is measurable, the other is 
known. 

Let us consider the distribution of shearing stress on a solid 
beam of rectangular section, supported at both ends and loaded 
(Figs. 104 and 105). 




J i' H^mtnUAjM 



fl^L 
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Let M = the bending moment of section aceg. 
Mi=: „ „ „ bdjh. 

m = the distance between the sections aceg and hdfh. 
Generally Mi will be greater than M. 

Let y\ = the distance of the top layer ab from the neutral axis, 

and y the distance cd. 
h = the breadth of the beam. 
The mean intensity of stress at a, due to bending moment M, 
M M . . Ml Ml 

is Y yi » ®'* ^» jy » ^^ ^» "T^i » ** ^> "yy- The mean intensity 

. Ml M 

of stress on bd is —Jyi + y) ; and on ac is —Jyy + y). 
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The total force with which the portion hd is pushed towards 
ac is equal to the difference between the mean intensities of stress 
multiplied by the area over which it is distributed, viz. — 

\^ (yi + 2/) X O/i - 2/)& = —21- -(3^1 " f)^ 

The intensity of shearing stress along cd is equal to this force 
divided by the area of the portion cdy i.e. Tnh. Therefore the 
intensity of shearing stress along cd is — 

Ml " M/ a ^7 Ml - M, J, 2, 

But if S denote the total shearing stress on the section 
hdfhy it has been shown that — 

Mij-_ M ^ g 

g 
.*. Intensity of shearing stress ^ — iy^- y^ 

The maximum intensity of stress occurs along the neutral 
axis, where y =^ 0, and is — 

I 
In rectangular beams yi = -, and I = r;: , hence the maximum 
intensity of shearing stress is — 

2bd 

Fig. 106 represents the distribution of direct and shearing 
stresses on a beam of rectangular section. 

The shaded area, abed, is a graphical representation of the 
intensity of shearing stress at a distance y from the neutral 
axis ; it equals — 

J, d . 6S/(P (?\ 68 

it V = "i we have — 1 — — — 1 = — 

^3' b(P\4 9 J 6hd 



J. d ^ 6S/(P fP\ 4S 

!•* y^nf we have t^I - - -r;: ] = -,, 
6 bd^ \ 4 36 / 3id 
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The curve representing the distribution of shearing stress is 
a pajrabola, the ordinates of which are shown in Fig. 106. 

The foregoing investigation shows that the intensity of 

horizontal shearing stress 



I. r Tj^T- — j^ T^ 
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is greatest along the plane 
of the neutral axis, and, 
from the equality of the 
intensities of shearing 
stresses on planes at right 
angles to each other, it 
follows that the intensity 
of vertical shearing stress 
must equal the intensity of 
horizontal shearing stress 
at every point in the beam. In timber beams the resistance 
to shearing along the fibres is so small, especially in spruce 
and pine timbers, that it is necessary to so proportion the 
section that resistance to shearing along the neutral axis is at 
least as great as the resistance to bending. This can always 
be done when the modulus of rupture and shearing resistance 
along the grain are known. 

If W denote the total load uniformly distributed over the 
length of the beam ; I the span, h the breadth, and d the depth 
of the beam ; / the modulus of rupture ; S^ the resistance to 
shearing along the grain ; then — 

_ 46dy ^ ^ 3S 3W 
W = — ,andS. = 2j^=- 

.. v>- ^ 



• 3Z ■" 8 

and- = ^^ 
If 

If the load is concentrated at the centre, as is usually the 
case when beams are tested — 



I 



2S; 
/ 



The values of S and / vary with the size of the specimen 
tested, being always smaller for large specimens than for small. 
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Professor Lanza has shown^ by experimenting with spruce and 
yellow pine timber of large scantlings, such as are used in 
ordinary building construction, that the average values of / 
are — 

Forapmoe 4451 lbs. per tqaare indh. 

For yeUow pine 7486 „ „ 

The values of Sa in a large number of specimens, which failed 
by shearing along the grain, were — 

For spmoe 191 lbs. per square inch. 

For yellow pine 248 „ „ 

These values for S^ are less than those obtained by direct 
experiments on shearing resistance, as in these cases the speci- 
men is compelled to shear at a particular plane, whereas in 
testing an ordinary beam failure naturally occurs along the 
plane of least resistance. In the experiments referred to, failure 
occurred as often by shearing along the grain as by direct tensile 
stress developed at the extreme fibre. Using the average values 
given, we have for spruce — 

- = -T—, = -- for a distributed load 
I 4451 28 

and -: - for a central load 
11-5 

For yellow pine — 

d 248 1 . J- X -1. X ^ 1 :, 
~, = ^TTo^ = .t;: 'or a distributed load 
I 7486 30 

and -- for a central load 
lo 

These experiments are confirmed by those made at the Water- 
town Arsenal and by Professor Bauschinger. Australian timber 
of ordinary proportions is not likely to fail by shearing along 
the fibres near the neutral axis, except from the presence of gum 
veins. 

For ironbark timber— 

T = ^^^^^ = - for a distributed load 
I 18000 9 

and :— : for a central load 
4*5 
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If the depth of the beams exceeds the proportion of the span 
given in the above examples, the beam may fail by longitndinal 
shearing along the grain ; if it is less, there will be no danger 
of shearing, and the strength of the beam will be proportional 
to its modolns of mptare. 



CHAPTER VI. 

BRIDGES AND VIADUCTB OF SlfALL SPAN IN TIMBEB AND IBON — 

TIMBER PILE BRIDGES. 

In America, Australia, and New Zealand native timbers are 
largely used for the construction of highway and railway bridges, 
as well as in ordinary building construction, and there is reason 
to believe that they will continue to be used extensively in the 
future. Timber is also used more or less in other countries. 

The following examples have been selected to show how to 
design beam bridges, and as illustrations of the foregoing 
principles. 

Consider, in the first place, a road bridge over a small stream 
as shown in Figs. 107, 108, and 109. 

The bridge consists of three spans, each 80 feet from centre 
to centre, and the width of roadway is 16 feet. The abutments 
and piers are also of timber. Each span is formed with four 
beams spaced 5 feet centres across the bridge; the two outer 
beams are 12 inches square, and the two inner beams are 17 
inches in diameter, adzed on the upper side and on the lower 
side at the ends where they rest upon corbels. 

The deck consists of timber boards 4 inches thick resting 
upon the main beams, and there is a timber hand-rail on each 
side. The strength of the bridge is calculated as follows : — 

Let w denote the load per square foot which the bridge will 
carry safely if distributed uniformly over the deck, then the 
total load on each inner beam is — 

S x80 xtv = ISOw lbs. 
The bending moment is — 
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150m? X 80 X 12 
8 



= 6750i(; inch-pounds 
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The moment of resistance is — 

•7864RV 

If the timber is New South Wales ironbark, the value of 
/maybe taken at 11,000 
lbs. per square inch, 
since the scantling is 
large and may not con- 
sist entirely of sound 
timber; for other Aus- 
tralian timbers, such as 
jarra and gums, / may 
be taken as from 6000 
to 8000 lbs. per square 
inch for such large 
scantling. 

The Boads and Bridges 
Department, New South 
Wales, usually allow a 
factor of safety of from 3 to 4 for such bridges, which gives 
for the best ironbark a maximum working fibre stress of 

11000 
—r^ = 8142 lbs. per square inch, say 8000 lbs. per square 

inch. Then the moment of resistance for a beam 17 inches in 
diameter is — 

0-7854 X 8^5 ^ X 3000 = 1,447,000 inch-pounds 

and the moment of resistance of the 12 x 12 beams is about 
half this amount, since the outside beams carry about half as 
much as the inner beams, hence — 

6750m; = 1,447,000 
.•. ic = 214 lbs. per square foot 

The deck is usually made of tallow-wood, which is an 
excellent timber for the purpose, and weighs 80 lbs. per cubic 
foot, or 20 lbs. per square foot 8 inches thick. 

The weight of the main beams and hand-railing is about 
27 pounds per square foot of deck, leaving 187 lbs. per square 
foot for the live load. 
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These bridges, however, are eapposed to carry two traction 
engines, each weighing 16 tone, on two wheels 10 feet 4 inches 
apart, so that they are not unnecessarily strong, as woold at 
first sight appear. 

If each a bridge were constracted with pine timber beams, 
they would require to be spaced closer together across the bridge, 
or the span reduced. 

[The following table shows the sizes of girders used in the 
Boads and Bridges Department, New South Wales, for bridges, 
similar to the above : — 

Table XXI. 



WWUlgf 

>pu. 


Corbeti. 

One 6- 0" X 12" x 12" 
Two 6' r X 12" X 12" 
Two 7' 0" X 13" X 12'' 
Two 8' 0" X 14" X 13" 
Two 9' 0" X 15" X 13" 


iDDtr 

17" ., 
18" „ 
19" „ 

20" „ 


Oauc 
glrdo.. 


V^Al^Mt^ 


28' 0" 

30' r 

35' 0" 
40" 0" 
45' 0" 


12" X 12" 
12" X 12" 
13" X 12" 
14" X 18" 

15" X 13" 


18" diam. 14" x 12" 
19" „ 14" X 13" 
20" „ , 15" X IS" 
20" „ 1 16" X 13" 
21" „ 16" X 18" 



As a second estample, take a timber railway viaduct for 
a single line of way constracted over a considerable length of 
low-lying ground liable to floods near a river, which form the 
approaches to the main bridge over the river. If the founda- 
tions are fairly good, and the height of the rail-level above the 



groand is about 8 feet, a series of spans of 10-feet centres, 
saeh as shown in Figs. 110 and 111, will be found to be most 



If the height of the rail-level above the ground be from 
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15 to 20 feet, it may be found to be cheaper to design for spans 
of 24-feet centres, such as shown in Figs. 112, 118, and 114. 



-;---T- 




- - ,► JM tar»- 1— ;•— 



19' o' 




Fio. 111. 

In each case an open deck is used, similar to the deck so 
largely used on American bridges. The sizes of the timber 
sleepers, if Australian timber is used, must be decided with 
reference to the most convenient sizes obtainable; thus it is 
easier to obtain a good durable sleeper 12 inches wide by 
7 inches deep from ironbark trees than one 8 inches square. 

Fig. 115 shows an American deck with ironbark sleepers 
suitable for the type of viaduct illustrated, and Fig. 116 shows 
a similar deck in which a central beam is used. The former 
would be suitable for an iron or steel bridge in which the plate 
web-girder stringers take the place of the main timber beams, 
we will therefore consider it more fully. 

The strength of the deck may be calculated as follows for 
Fig. 115: The maximum load on the driving-wheels of a 
locomotive does not generally exceed 16 tons per pair of wheels, 
therefore the weight on each wheel is 8 tons ; but since this 
weight may be increased on one side, and correspondingly 
reduced on the other, from the oscillation and plunging of the 
engine produced in various ways, it is assumed that the total 
maximum effect may reach 10 tons per wheel. 

At least three sleepers will take part in carrying the weight 
brought on any one of them, the sleeper immediately under the 
driving-wheel taking one half of this weight, and the sleepers 
on each side taking one quarter each, so that the maximum 
value for W, Fig. 115, is 5 tons. 

The bending moment is 7*5 foot-tons, or 90 inch-tons. 

The moment of resistance for ironbark, where/ = 14,000 lbs. 
per square inch since the section is comparatively small, is — 
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6fP, 12 X 49 X 14000 , ^„^ r.r.r.' r 

— /= = 1,372,000 inch-pounds 

= 612 inch-tons 

612 
Therefore the factor of safety is — - = about 6*8. 




-t — *^'^' ~- 



m 
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If Oregon timber is used, / will be about 7000 lbs. per 
square inch, and the section must be increased to 10 inches 






Fio. 115. 
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I 



square with 10 inches space between sleepers, or 20 inches* 
centre to centre, in which case — 
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hcPf _ 10 X 100 xWid 
6 ~ 6 " 



= 1,166,666 inch-pounds 

= 521 inch-tons 
521 



Therefore the factor of safety is - = 5*8 nearly. 

The sizes of sleepers have been calculated on the assumption 
that only three sleepers carry the load on the driving-wheel ; 
this assumption is on the safe side, as the iron guard-rails and 
the timbers very probably distribute the weight over more than 
three sleepers. 

This kind of deck in America is usually constructed with 
8X8 timbers spaced 16 inches centre to centre, thus leaving 
an 8-inch space. The advantages of this deck over the ordinary 
close timber deck are as follows : The sleepers are spaced 
sufficiently close to allow the wheels of a carriage to run without 
sticking in the case of derailment ; and they are exposed on four 
sides to the air, and therefore dry uniformly and last a mncb 
longer time ; moreover, any defective sleeper can be readily seen 
and replaced. The timber guard-rail is a precaution against 
the effect of derailment, and serves to some extent in assisting 
to distribute the weight of the driving-wheels. The spacing is 
large enough to allow hot material from the engine to fall 
between the sleepers. The number and strength of the sleepers 
gives considerable lateral strength and stiffness to the structure, 
enabling it to resist wind pressure and oscillations. The 
8-feet spacing of the main beams ensures an elastic road and 
easy running. 

The strength of the main beams in the 10-feet spans of the 
viaduct will now be considered. 




Fig. 117 shows the position and loads produced by the 
three wheels of a heavy consolidation, mogul, or other engine 
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with axle loads of 12 tons. The maximum bending moment 
occurs at the centre of the span, and is — 

18 X 6 - 12 X 4-5 = 36 foot-tons = 432 inch-tons 

The dynamic effect of the live load will increase this bending 
moment by about 30 per cent,, so that it may be taken as 562 
inch-tons, or 46'8 foot-tons. 

The equivalent uniformly distributed load which will pro- 
duce the same moment in the centre of the beam is found 
thus — 

^^^ ./. o 8 X 46-8 ^ „, 1 

= 46'8 /. w = -- — - - = 3'75 tons per foot run 



8 10 X 10 

The dead load, consisting of main beams, sleepers, rails, 
guard-rails, and guard-timbers, is about 0*25 ton per loot run, 
so that the totally equivalent uniformly distributed load may 
be taken as 4 tons per lineal foot, and the maximum bending 
moment is — 

= 50 foot-tons, or 600 inch-tons 

8 

The moment of resistance of two beams of ironbark timber, 
each 12 by 12 inches, is — 

If /is taken as 5'5 tons per square inch, which may reason- 
ably be expected from good ironbark timber, the moment of 
resistance is 3,168*0 inch-tons, and the factor of safety — 

^^^0 = 5-28 



600 



The factor of safety is quite sufficient for such a structure 
of ironbark timber. 

Figs. 118, 119, and 120 illustrate the standard pile-trestle 
on the Toledo, St. Louis, and Kansas City Railroad.^ The 
sleepers are 9 feet long x 8 inches wide x 6 inches deep, and 
the guard-rails 6 inches x 6 inches, notched 1 inch over sleepers. 

* ''Troatifle on Wooden Trestle Bridgefl," by Wolcott G. Foster. Fablished by 
J. Wiley and Sons, New York. 
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The main beams or stringerB are arranged in groups of three 
under each of the rails, and are 7 inches wide x 16 inches deep 
on a span of 15 feet. 

Cast-iron separators 4 inches thick are arranged between 




JT'^^J^ 



MJkr.V*' 



(•r^AAf 



Fig. 118. 



the stringers oyer the caps, and the stringers are protected 
with sheet iron 80 inches wide, as shown in Fig. 119. The 
caps are 14 feet long x 12 inches x 12 inches, notched 1 inch 
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over the four piles, and the sway braces are 10 inches x 8 inches. 
On the Pennsylvania Railroad the sizes of the stringers used 
are given in the following table : — 
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Table XXH. 



Clear span in feet. 


Number of pins under 
each rail. 


Width of each piece 
In inches. 


Depth of stringer in 
Inches. 


^2 

12 
14 
16 


\ 

2 
3 


8 

8 

10 

8 


15 
16 
17 
17 



The stringers are generally long enough to extend oyer two 
trestles, and should break joint, and should be securely fastened 
to the caps by means of drift-bolts. 







Mo/^foriAe 
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Fig. 121 shows the method of connecting the stringers over 
the caps adopted in the Penn- 
sylvania Railroad, in which 
the tendency of the joint, 
when it settles under a weight 
through the support becoming 
weakened, is to close at the top and to open at the bottom. 
This arrangement provides most material where there is the 
greatest liability to split. The packing strips are notched over 
the caps as shown. On the Chicago, Milwaukee, and St. Paul 
Bailroad, the standard pile-trestle in 1890 had six stringers in 
two groups of three, each 16 inches deep x 8 inches wide, on a 
span of 15 feet 9 inches, and two outside stringers each 16 
inches deep x 6 inches wide. The dimensions of the stringers 
will depend upon the character of the timber available, and the 
train loads. 

With an equivalent uniform load of 3'5 tons per foot run, 

H 
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allowing for the dynamic effect of the live load, and stringers 
16 inches X 8 inches on a span of 15 feet, we haye — 

T^ ,. X 8-5 X 15 X 15 ^^ ,0 - . . 
Bending moment = r— - = 98'43 foot-tons 

= 1181 inch-tons 
The moment of resistance of the six beams is — 

Moment of resistance = "^ — - / = 2048/" 

o 

For white pine or spruce Professor Lanza recommends / = 
8000, and the experiments of Mr. Onward Bates on white pine 
stringers ^ show that this value is about correct ; hence — 

Moment of resistance = 2048 x 3000= 6,144,000 inch-pounds 

= 2748 inch-tons 

Therefore the factor of safety would be — 

^ = 2-3 
1181 

For yellow pine / = 5000, and the factor of safety is 8'83. 
For Oregon fir / = 6500, and the factor of safety is 5*4. The 
latter value of the factor of safety may be considered sufficient, 
but it is clear that American engineers do not use large factors 
of safety in their timber structures. 

There are two distinct classes of timber trestle piers — (a) 
framed trestles, (6) pile trestles. 

Framed trestles consist of square timber framed together; 
they are usually built upon a foundation of some kind, which 
may be a pile foundation, masonry, concrete, grillage, crib, 
solid or loose rock. 

Framed trestles are provided with a sill which rests upon 
the foundations, and, in order that decay may be delayed as 
long as possible, the sill should be above the ground, and not 
covered with earth. 

Framed trestles are used for almost any height, but they 
are exclusively used for lofty timber viaducts. 

Pile trestles consist of two or more piles surmounted by a 
cap. When the height is less than 10 feet sway bracing is not 
used ; above this height sway braces are used, bolted to the cap 

» Trant, Amer. Soc, C.K, November, 1890. 
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and to the piles at their intersection. Pile trestles rarely 
exceed 80 feet in height ; from 10 to 20 feet the outside piles 
are driven with a batter of from 1 to 8 inches per foot. 

The timber used for piles should be straight and sound, free 
from wind-shakes, wanes, large loose black or decayed knots, 
cracks, worm-holes, and all descriptions of decay, and should be 
stripped of bark ; they must be cut off square at the butt, and be 
properly sharpened. 

Files of Australian hardwood, which is liable to decay at the 
heart, should be free from large pipes. 

The heads and feet of piles should be protected before 
driving, if they are liable to be injured by the hammer or ram. 
A wrought-iron ring is generaUy used at the head, and some 
form of iron shoe at the foot according to the nature of the 
material into which the pile is driven. Timber piles for viaducts 
are usually driven by a drop-hammer or ram, other methods 
will therefore not be considered. An upright frame is used 
with a pulley at the top, over which a rope passes which 
supports the hammer or ram. The frame consists of two 
uprights called leaders, from 10 to 60 feet long, placed about 2 
feet apart, which guide the falling ram. The weight of the ram 
varies from 500 to 7000 lbs., but is usually about one ton, 
and it is provided with grooves or guides to fit the guides. The 
rope is usually wound up and the weight raised by a steam- 
engine, but horses may be used hitched directly to the end of 
the rope, or men may be employed working a windlass or pulley 
directly at the rope. There are two methods of detaching the 
weight, i.e. letting the ram fall (a) by means of a nipper, (6) 
by means of a friction clutch. 

A pile is considered to be sufficiently driven if the penetra- 
tion from the last five blows with a ram weighing 2000 lbs. 
falling 25 feet does not exceed 5 inches. Heavier rams with 
smaller falls give better results, such as at Brooklyn, where a 
ram weighing 6720 lbs. was used falling 8 feet. 

The bearing power of piles may be considered in the follow- 
ing manner — When a pile rests upon a hard stratum it should 
be treated as a long column, and its bearing capacity may be 
inferred by means of the tables, pp. 87, 88, and 89, Chapter II,, or 
it may be calculated by means of formulas such as those given 
in Chapter XII. The safe bearing pressure on a pile driven into 
a yielding stratum may be found in the following manner : — 
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(a) By considering the relationship between the supporting 
power and the length and size of the pile^ the weight of the 
ram, height of fall, and the distance the pile was moved by the 
last blow. The pile is assumed to be driven under ordinary 
conditions; the head, if broomed or battered unreasonably, should 
be sawn off before striking the test blow ; and it is also assumed 
that the pile has been sinking with a fair degree of regularity 
under the last few blows, and that the apparent uniformity of 
set is not deceptive. 

(h) By applying a load or direct pressure to each of a number 
of piles, observing the amount each will support, and expressing 
the result in terms of the depth driven, size of pile, and kind of 
soil. The former method may be expressed in a rational 
formula, the latter in an empyrical formula. 

The former method has been used more or less in the formulae 
of Bankine, Weisbach, Sanders, Professor Baker, Trautwine, 
CroweU, Wellington, and others. 

The energy accumulated in the ram when it strikes the pile 
head is W/^ where W = weight of ram in pounds, and h ^ 
height of fall in feet. This energy is expended in compressing 
the ram and the head of the pile, in moving the ram as a whole 
against the resistance of the soil, in overcoming the inertia of 
the pile and soil. Only Wellington's formula will be here given, 
as it is a rational formula less complex than the others, and 
gives quite as good results. 

Let L denote the bearing pressure ; 9, the penetration under 
the last blow in inches ; then — 

Wellington recommends a factor of safety of 6, so that the 
safe working pressure, L', is — 

2W/f 



L' = 



« + l 



Fig. 112 shows a timber viaduct for 24-feet centres, designed 
to carry a single line of railway. In this example there are two 
main compound beams, each formed with two beams of iron- 
bark timber 12 inches square, bolted together, with a space of 
two inches between them, with wedges inserted in corresponding 
notches cut in the beams, and resting upon corbels over the 



J 
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piers. An American deck of ironbark timber is shown similar 

to that of the 10-feet spans. In order that the compound beam 

should be equal in strength to a solid beam 24 inches in depth, 

it is necessary that the wedges and bolts should be capable of 

resisting the maximum horizontal and vertical shearing stresses. 

Since the bending moment increases as the square of the span, 

and the moment of resistance of the beam as the square of the 

depth, it follows that a span of 20 feet would give the same 

factor of safety as that found for the 10-feet spans, provided the 

equivalent distributed load remained the same. The equivalent 

distributed load on a 24 -feet span, with consolidation engines 

having 12 tons on each of the four driving-axles, would be about 

8'1 tons per foot run ; hence the span may be increased from 

8*75 
20 feet to 20 x -r— ■ = 24 feet. The total depth of the compound 

31 

beam is 26 inches, but it will be taken as 24 inches solid 
throughout. The area is reduced in the centre by the bolt- 
hole, and to a slight extent by the wedges, but this is more 
than compensated for by the reduction of span due to the corbels 
over piers. 

The shearing stress over the piers is — 

8-1 X 24 ^^ ^ ^ 
= 37-2 tons 

or 18*6 tons for each beam, which is distributed over the 24 
inches by 12 inches in the manner explained in Chapter V., Fig. 
106. 

The maximum shearing stress horizontally and vertically is, 
therefore — 

S = -- — T— - = 1*16 ton per lineal inch of beam 
2 X 24 

The wedges immediately over the corbels are spaced 15 
inches centre to centre, and will have to resist a horizontal 
shearing stress of 15 x 1*16 = 17*4 tons, and the corresponding 
bolts will have to resist a vertical shearing stress of the same 
amount. 

Let X denote the width of the wedges, measured along the 
beam ; the area exposed to shearing along the fibre (neglecting 
the portion of the wedge which projects beyond the beam for 
driving) is 12x. The safe intensity of shearing stress may be 
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taken as 450 pounds per square inch in the timbers which are 
most suitable for this purpose (which require at least 2000 
pounds per square inch to shear them along the grain), there- 
fore the resistance of the wedge is — 

12 X 450 X X = 5400.r = 174 x 2240 
/. .r = 7 '22 inches 

The wedges may therefore be made 7i inches wide by 6 

17*4 
inches deep. The area required in the bolts is - = 2*908 

square inches, or 2 inches in diameter. The working stress 
on the bolts is taken as 6 tons. 

The shearing stress at any other point may be calculated 
from the formula — 



Si = 



4c 



If a; = 0, Si = 4-65 tons; if x = 6, Si = 10-5 tons; and 
these stresses are distributed over the section of the beam as 
before. The maximum shearing stress per lineal inch in the 
centre of the beam is, therefore — 

— — —r = 0-291 tons 
2 X 24 

The bolts and wedges are spaced 18 inches centre to centre, 
therefore the central bolts may be called upon to resist a stress 

of— 

18 X 0-291 = 5-24 tons 

5*24 
The area required is consequently -^— = 0*874 square inches, 

o 

or say 1^ inch in diameter. 

In a similar manner it may be shown that the bolts 6 feet 

from the centre of the beam will require to be If inch in 

diameter, and the width of the corresponding wedges — 

5400^ = 11-8 X 2240 .-. x = 4-89 inches 

hence the section of the wedge may be made 5 inches by 4 inches. 

The sizes of the remaining bolts and wedges may be deter- 
mined in a similar manner. The design of the piers and 
abutments is sufficiently illustrated in Figs. 112, 113, and 114. 

In the foregoing calculations, it has been assumed that each 
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wedge and bolt resists the shearing stresses which are allotted 
to them according to their position in the span, the largest 
wedges and bolts occurring near the points of support. Some 
engineers make the wedges and bolts uniform in section through- 
out the span, while others omit the wedges in the centre third 
of the span. If heavier engines are used than those considered, 
as, for example, on the New South Wales railways, where the 
heaviest consolidation engine would produce a bending moment 
in the centre of a 24-feet span which is equivalent to a uniform 
load (allowing for dynamic effect) of 4 tons per foot run, in such 
a case it is found to be most convenient to arrange three com- 
pound beams, so that each carries f of a ton per foot run for the 
live load, and about 0*4 ton per foot run for the dead load. The 
wedges are made 6 inches wide by 3 inches deep, and the bolts 1 
inch in diameter throughout. 

We will now consider a compound beam consisting of two 
beams of spruce timber, each 12 inches by 12 inches, carrying a 
floor in a building over a span of 80 feet. The two beams are 
bolted together, and wedges are inserted between the beams. 
Let it be required to determine the sizes of the wedges and 
bolts, (a) for carrying a distributed load, and (i) for carrying 
a central load. The working stress on the extreme fibres 
of the spruce beam may be taken at 1000 lbs. per square inch. 
The shearing resistance of the keys or wedges, which should 
be made of suitable timber, may be taken at 200 lbs. per 
square inch. The bolts may be stressed up to 12,000 lbs. per 
square inch. 

(a) Distributed load. 

,^ ^ , . , 12 X 24 X 24 X 1000 

Moment of resistance = 

6 

= 1,152000 inch-pounds 

Ti A' . WZ Wx3 X 12 ^^_ 

Bending moment = — = = 45W 

8 8 

.-. 45W = 1,152,000 

.-. W = 25,600 lbs. 

Hence the reactions at supports = 12,800 lbs., and the 
maximum shearing stress per lineal inch is — 

3S 3 X 12800 ^^^ „ 

TTi = c. c.* = 800 lbs. 
2(1 2 X 24 
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Let the wedges be the same length as the width of the beam, 
and assume that the beams are notched each 8 inches deep, and 
the depth of the wedges is 6 inches. Assume also that the 
wedges are spaced 8-feet centres at the ends, and let x = the 

width of the wedges ; then — 

• 

] 2a; = area of wedge 
and 12iB x 200 = 2400« -^ resistance to shearing 
/. 2400aj = 800 X 86 
/. x==12 inches 

If the wedges are spaced 24 inches centre to centre, they 
will only require to be 8 inches wide. Adopting this latter 
pitch for the wedges, the area of the end bolts will be — 

24 X 800 _ . , 

a = ~ToAAn~ = 1'6 square mches 

and the diameter = 1/^^ inch 

At a distance of 7 feet 6 inches from the supports, only half 
of the area will be necessary if the same pitch is adopted 
throughout, or the pitch may be doubled for the middle half 
of the beam, retaining the same sections in wedges and bolts 
throughout. 

The reduction in the moment of resistance in the centre of 
the beam may be neglected. 

(6) If the beam carries a load in the centre — 

W/ W X 30 X 12 ^^„, . ^ 

~Y = 7 = 90W mch-pounds 

.-. 90W = 1,152,000 
= 12,800 lbs. 

The shearing stress is uniform throughout the beam, except- 
ing at the centre, where it is zero ; hence — 

8S 8 X 6400 

2d ~ ^^24 ~ ^^^ ^^^' P^^ lineal inch 

Hence, if the bolts and wedges are spaced at 4-feet centres, 
they will have the same dimensions as the largest in the last 
example, namely, 8 inches wide by 6 inches deep. 

In order to test the accuracy of the foregoing theory of the 
compound beam, the author has made several large-size scale 
models, which, when tested, gave results in close agreement 
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mth the calculations. Compound beam road bridges have been 
used in Australia up to a span of 42 feet, the main bjeams being 
formed with three beams each 12 inches square. 

Bolts, Washers, Spikes, etc. — The bolts used in holding stringer 
pieces together, fastening on the sway-braces, guard-rails, etc., 
are usually made | inch in diameter. In compound timber 
beams the bolts may be from 1 inch to 2 inches in diameter, 
being proportioned to resist the shearing stresses in the manner 
explained. Cast or wrought iron washers should be placed 
under the heads and nuts of all the bolts in a timber structure. 
Sometimes the washers under the nut are provided with slots, 
which enable the nut to be locked by driving in a nail close to 
the nut after it has been screwed down tightly. 

Cast-iron washers for bolts i^ inch to 1\ inch in diameter 
vary from 8 inches to 4 J inches in diameter by % inch thick. 
Drift-bolts are largely used in timber structures, such as in 
fastening caps to posts ; they are usually made of iron, f inch 
square or ^ inch round. They should always be long enough 
to penetrate the last timber which it is desired to be held to 
a depth sufficient to give a good firm hold. Drift-bolts have 
square or taper heads, and are pointed at the ends ; they are 
really long spikes. 

Experiments made by the United States Government show 
that smooth rods have a greater holding power than ragged 
ones ; that the resistance ten months after being driven is 10 
per cent, greater than the resistance immediately after driving ; 
that round drift-bolts are 25 per cent, more efficient per pound 
of metal than square ones. The holding power of a round bolt 
1 inch in diameter in a f -inch hole, with white pine and hemlock 
timber, is about 10,000 lbs. per lineal foot immediately after 
driving. With Norway pine the resistance is about 9000 lbs. 
per lineal foot. 

The resistance of screw-bolts was found to be about 50 per 
cent, greater than that of plain round rods. All bolt-holes in 
pine timbers should be bored ^ inch smaller than the bolt. The 
holding power of drift-bolts or dog-spikes in Australian hard- 
wood timbers is much greater than in pine timbers; but the 
actual resistance developed has not been determined, as far 
as the author is aware. 

Paintixig Timber. — ^Whenever two surfaces of timber touch, 
they should be painted with white lead or tai' ; the bolts should 
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also be coated with white lead and linseed oil, hot or cold tar. 
Mr. Wolcott C. Foster recommends ^ the following specification 
for creosoted trestles, piles, and other timber : — 

^'All piles used in creosoted trestles must have the bark 
peeled off, and be pointed before treatment. None of the sap 
wood must be hewn from the piles. No notching or cutting of 
the piles will be allowed after treatment, except the sawing off 
of the head of the pile to the proper level for the reception of 
the cap, and the levelling of such part of the head as may 
project from under the cap. 

'' The heads of all creosoted piles, after the necessary cutting 
and trimming has been done to receive the cap, must be 
saturated with hot creosote oil, and then covered with hot 
asphaltum before putting the caps in place. 

'' Timber in creosoted trestles must be cut and framed to the 
proper dimensions before treatment. No cutting or trimming 
of any kind will be allowed after treatment, except boring of 
the necessary bolt-holes. Hot creosote oil must be poured into 
the bolt-holes before the insertion of the bolts, in such a manner 
that the entire surface of the holes shall receive a coating of 
creosote oil. All creosoted timber and piles shall be prepared 
in accordance with the following process : — 

'^ The timber and piles, after having been cut and trimmed to 
the proper length, size, and shape, shall be submitted to a 
contact steaming inside the injection-cylinders which shall last 
from two to three hours, according to the size of the timbers ; 
then to a heat not to exceed 230° Fahr. in a vacuum of 24 
inches of mercury, for a period long enough to thoroughly dry 
the wood. The creosote-oil, heated to a temperature of about 
175°, shall then be let in the injection-cylinder, and forced into 
the wood under a pressure of 150 pounds per square inch, until 
not less than 15 lbs. of oil to the cubic feet has been absorbed." 

'' The oil must contain at least 10 per cent, of carbolic and 
cresylic acids, and have at least 12 per cent, of naphthalin." 

Small Flood Opening.— Figs. 122, 128, and 124 illustrate a 
small flood opening carrying a single line of way, which is con- 
structed with four rolled iron or steel girders resting on cast- 
iron bed-plates attached to the coping stone of the brick supports* 
The span is 16 feet in the clear, and 18 feet effective between centres 
of bearings. The rolled girders are 18 inches deep, with flanges 

* " A Treatise on Wooden Trestle Bridges." 
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6^ inches by \ inch and web % inch thick, weighing from 67 to 
70 lbs. per foot. If the girders are aelected from the Bntterley 




Iron Company's list, the central breaking load is 32 tons. The 
moment of inertia is 932, and the moment of resistance, allow- 
ing a working stress of 3 tons per square inch, is— 

/I ^ 3 X932 ^ gj^j.g inoh-tons 

U 9 

The bending moment in the centre for the engine shown in 

Fig. 827 is— 

2-25 X 18' X 12 ,--- , . , , 

- = I093'6 moh-tons 

The dead load is about 0*8 tons per foot run, and the bending 
moment 145"8 inch-tons. Hence we require — 
1239-8 , . , 



The details are sufficiently illustrated in the figures. This 
is a cheap form of bridge for a short span. 



CHAPTER Vn. 

EXAMPLES OF GRAPHICAL STATICS APPLIED TO THE DETEBMINATION 

OF THE STRESSES IN TRUSSES. 

The graphical method of determining the stresses in structures 
described in Chapter III. may be applied to any form of truss, 
and also to the solution of a great variety of problems in con- 
nection with structures and machinery. The method will be 
used in this chapter in connection with a few ordinary trusses 
such as are used for roofs ; but it will generally be advisable in 
such cases to apply also the method of moments in order to 
check the work, measuring the lever arms of the forces from the 
same scale drawing of the truss which is used in connection with 
the reciprocal diagrams of stresses. 

It is a good plan to tabulate the stresses obtained by 
measuring the lines in the reciprocal diagrams side by side with 
those obtained by the method of moments, and to use the mean 
of the two stresses so obtained in determining the total maxima 
stresses from which the structure is designed. 

The amount and distribution of the load upon roofs wiU be 
first considered. 

Dead Load upon Soofs. — The dead load upon roofs consists of 
the weight of the roof principals or trusses ; the purlins, which 
are the longitudinal beams carrying the load between the trusses 
and discharging it on the principals ; also the rafters and the 
roof-covering. 

The weight of the roof principal or truss may be estimated 
from the known weight of similar roofs for the purposes of calcu- 
lation, and the sectional areas thus determined ; afterwards the 
correct weight may be ascertained, and the truss recalculated 
with the con-ected weight. 

The weights of the purlins may be ascertained without much 
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trouble^ as they consist of timber beams, angles, T's, or rolled 
girders. In large roofs the purlins may be lattice girders or 
trass-beams. 

The weight of the roof-covering may be estimated by making 
use of the follovdng table, which is taken from '' Instruction in 
Construction," by Colonel Wray, R.E. : — 

Table XXIII. 

Weight of Boof-ooyering. 



DescriptioQ of material. 



Weight In 
poandB per 
square foot. 



♦» 



>» 



Lead ooTering, including laps, but not boarding or rolls 
Zino coTering, including laps 14 to 16 zinc gauge ... 
Oormgated iron, 16 W.G. 

„ 20 
Sheet iron, 16 W.(;. 

20 „ 

Slating laid with a 3-inch lap, including nails, but not battens 
iron laths : — 
Slates, doubles, 13 inches x 9 inches, at 18 owt. per 1200 
Ladies, 16 inches x 8 inches, at 31'5 owt. per 1200 
Countesses, 20 inches x 12 inches, at 50 cwt. per 1200 
Duchesses, 24 inches x 12 inches, at 77 cwt. per 1200 
Slate battens, 3} inches x 1 inch :— 
For doubles 
For countesses 
Boarding, } inch thick 

» *• n ♦» 

« •*•« »> >» 

Wrought-iron laths, angle-irons : — 
For duchess slates 
For countess slates 



or 



5|to8| 

litoljt 

34 

24 
2 

2i 
14 



8* 

8i 

8 

8* 
2 

2* 

2 

If 



The weight of snow to be allowed for depends entirely upon 
the locality. In England it is sometimes assumed that a roof of 
flat pitch may have 6 inches of snow upon it, the weight of 
which may be 6 lbs. per square foot. 

Trontwine, in his handbook, recommends an allowance of 12 
lbs. per square foot of area covered ; and Stoney, 20 lbs. per 
square foot. The depth of snow will diminish as the pitch of 
the roof increases. 

The wind pressure is estimated in the manner explained in 
Chapter XIX. 

The following table gives the weights of some well-known 
roofs ^ : — 

* " Notes on Building Construction," by KiTingtou. Part IV. 
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Table 


XXIV 


• 














Weight 


in poonda per squaze CmC of 


, 


Clear 

span in 

feeL 


DtaUnoe 

•part of 

pnndpals 

InfMt. 




area covered. 




Descrlpki<tt of roof. 


or pur> 


Of prin- 


Total 


Total 


1 

f 






llDB. 


cipal. 


ironworlc. 


ooYcnng. 




/ 37 
40 


5 


11 


3-5 


4-6 


' 6-9 




12 


20 


3-5 


5-5 






54 


14 


6-5 


3-0 


9-5 


— 


, 


55 


^ 


4-6 


70 


11-6 




Common tnuM \ 


72 

84 


20 
9 


4-2 
2-6 


2-8 
5-9 


7-0 

8-5 




• 


50 


10 






3-0 


5-2 




100 


14 




— 


7-0 


9-0 




130 


26 


0*8 


5-6 


6-4 


80 




140 


12 




45 




--» 


BowstriDg roof, Manchester,^ 
London Boad Station . . . j 


50 


11 




1 


9-6 










Bowstring roof. Lime Street 1 

Station, Liverpool / 

Bowstring roof, Birmingham . . . 


154 


26 


— 


49 


— 




211 


24 




7-3 


ll-O 




Arehed roofs, oorrngated iron ... 


r4o 

\60 


■ — 




1 




2-5 
3-5 


Strasborg Railway 

Paris Exhibition , 


97 
153 ' 


13 
26 


9-5 


1 

5*5 


120 
15-0 




Dublin 


41 > 


16 


3-4 


73 


10-7 




x^erDy .«• ••• ••• ••• 


81i ' 


24 


10-8 


60 


16-8 






120 ' 




7-9 


3-9 


11-8 


, 


St. Pancras 


240 


29i 


7-4 


171 


24-5 





The following table, taken from Trontwine's handbook, may 
be used in estimating approximately the total loads on roof- 
trusses up to 75 feet span ; the principals or trusses are supposed 
to be spaced 7 feet apart, centre to centre. 

Table XXV. 

Table of Afpboxihate Loads on Boovs m Pounds. 



Description of roof. 



Weight of 

roo^ or dead 

load. 



Wind and 
snow. 



Total loada. 



Roof covered with corrugated iron weighing*^ 
from 1]^ to 2 lb& per square foot, unboarded . . . / 

Ditto, if plastered oelo w rafters 

Ditto, corrugated iron on boards 

Ditto, if plastered below rafters 

Ditto, slate unboarded or on laths 
Ditto, „ on boards IJ inch thick 
Ditto, „ if plastered below rafters ... 

Ditto, „ shingles on lath 

Ditto, „ if plastered below rafters or tie-beam 



8 

18 
11 
21 
13 
16 
26 
10 
20 



20 

20 
20 
20 
20 
20 
20 
20 
20 



28 

38 
31 
41 
33 
36 
46 
30 
40 



J 
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For spans from 75 to 150 feet^ it will suffice to add 4 lbs. to 
each of the above total loads. 

The above total loads may be considered to act vertically, 
and a reciprocal diagram similar to those obtained for the dead 
load may be drawn to determine the stresses and the dimensions 
of the various members, from which the weight of the truss or 
principal may be calculated. The weight thus obtained may be 
used in estimating the dead loads for the complete calculations. 

In Chapter III., two methods were considered for determining 
the stresses in braced structures, which were illustrated with 
reference to the common roof-truss shown in Pig. 125. The 
stresses in this roof will now be more fully considered, and, in 
the first place, the results obtained in Chapter III. may be 
tabulated thus — 

Table XXVI. 





Dead-load Str*:s8B8. 




Bar. 


Method of 
momentB. 


Scale measure- 
ment of reciprocal 
diagram. 


i 

Mean of the two 
methods. 




lbs. 


lbs. 


lbs. 


AB 


- 1,504 


- 1,596 


- 1,550 


BC 


-h 6,246 


+ 6,240 


+ 6,243 


CD 


■\- 6,246 


+ 6,240 


+ 6,243 


DE 


- 1,504 


- 1,596 


- 1,550 


AH 


- 11,938 


-11,944 


- 11,941 


BI 


- 11,328 


- 11,296 


- 11,312 


JD 


1 - 11,328 


1 - 11,296 


- 11,312 


EK 


1 + 11,938 


-h 11,944 


-h 11,941 


AZ 


1 + 11,274 


i + 11,216 


-h 11,245 


CZ 


1 + 5,270 


+ 5,268 


-r 5,629 


EZ 


+ 11,274 

1 


+ 11,216 


+ 11,245 



With regard to the stresses due to wind : — 

If a horizontal force of wind of 50 lbs. per square foot act 
upon one side of the roof, the normal pressure due to this force 
may be obtained from Table LXIX., p. 286. 

The angle of the roof is 22^'', so that the normal pressure is 
25 lbs. per square foot. 

Since the roof principals are 12 feet apart centre to centre, 
and the length of the rafters is 21'6 feet, the total wind force on 
one side acting normally to the roof is — 

12 X 21-6 X 25 = 6480 lbs. 

If the roof principal is bolted down at each shoe, so that the 
ends are fixed, the stresses may be obtained by measuring the 
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reciprocal diagram, Fig. 127. The results are given in the follow- 
ing table, compared with those obtained by the method of moments, 
thus : — 

Table XXVII. 

Stresses due to Wind, both ends fixed. 





- 


Wind on left. 
Scale measure- 






Wind op right. 




Bar. 




Scale measare- 






Method of 


ment of 


Mean of the 


Method of 


mentof 


Mean of the 




momeDts. 


rpciprocal 


two methods. 


moments. 


reciprocal 


two methods. 




Ib0. 


diagrain. 

1 


Ibe. 




diagram, 
lbs. 






1 Ibn. 


Ibe. 


lbs. 


AB 


- 3,240 


, - 3,240 


- 3,240 











BO 


+ 10,377 


' +10,296 


+ 10,336 


+ 2,090 


+ 2,280 


+ 2,185 


CD 


+ 2,090 


+ 2,280 


+ 2,185 


+ 10,377 


+ 10,296 


+ 10,336 


DE 











- 3,240 


- 3,240 


- 3,240 


AH 


- 14,574 


- 14,472 


- 14,523 


- 7,860 


- 7,974 


- 7,917 


BI 


- 14,574 


- 14,472 


- 14,523 


- 7,860 


- 7,974 


- 7,917 


JD 


- 7,860 


- 7,974 


- 7,917 


- 14,574 


- 14,472 


- 14,523 


KK 


- 7,860 


- 7,974 


- 7,917 


- 14,574 


- 14,472 


- 14,523 


AZ 


+ 14,864 


+ 14,784 


+ 14,824 


+ 6,668 


+ 6,764 


+ 6,718 


cz 


+ 4,775 


+ 4,764 


+ 4,770 


+ 4,775 


+ 4,764 


+ 4,770 


EZ 


+ 6,668 


1 + 6,764 


+ 6,718 


+ 14,864 


+ 14,784 


+ 14,824 



We see that if the wind is on the left, the bar DE is 
unstressed ; if the wind is on the right, AB is unstressed. 

The direction of the reactions Ei and Ej is normal to that of 
the principal rafter, and the values of these reactions may be 
determined by means of the polar and funicular polygons shown 
in dotted lines. Figs. 127 and 125. The point z is determined 
by drawing the line oz parallel to the closing line in the funicular 
polygon. 

If one end of the principal is fixed, and the other end is free 
to move on expansion rollers, the principal will tend to expand 
or contract when the temperature changes, motion taking place 
as soon as the forces due to changes of temperature are sufficient 
to overcome the frictional resistance of the expansion rollers. 
When the frictional resistances just balance the forces due to 
temperature, the whole of the horizontal component of the wind 
pressure must be resisted by the fixed end, since the roller end 
can only supply a vertical reaction. 

The vertical components of the normal reactions .at the fixed 
and free ends remain the same as in the case last considered. 
Two cases require to be considered, namely, the wind on the left 
and the wind on the right (Figs. 128 and 129); wind on the 
left with the left end free to move (Fig. 128). 
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The diagram obtained for this case differs slightly from Fig. 
127, as the horizontal component of the reactions at both ends 




WINOONMCHT. 
Urr END MOVEASiE 
P10. 139. 



must be entirely supplied by the fixed end. The stresses are 
given in the following table : — 

Table XXVIII. 

Stresses due to Wind on leff. Left End moyable. 



Bar. 



AB 

BC 

CD 

D£ 

AH 

BI 

JD 

EK 

AZ 

cz 

EZ 





Scale measarement 


^(ethod of momento. 


of reciprocal diagram. 
Tig. 128. 




Ib8. 


lbs. 


- 3,240 


- 3,240 


+ 9,158 


+ 9,180 


+ ,947 


+ 1,098 








- 12,964 


- 12,816 


- 12,964 


- 12,816 


- 6,137 


- 6,228 


- 6,137 


- 6,228 


+ 11,627 


' + 11,448 


+ 2,473 


+ 2,376 


+ 3,171 


+ 3,830 



Mean of the two methods. 

lb«. 

- 3,240 
+ 9,169 
+ 1,022 


-12,890 

- 12,890 

- 6,182 

- 6,182 
+ 11,537 
+ 2,424 
+ 3,260 
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Wind on the right, with the left end movable. The stresses 
due to this case may be tabulated in a similar manner to the 
foregoing, thus — 

Table XXIX, 

STBiaaS DUE TO WlKD ON BIOHT, LSFT END MOVABLE. 





- 


Scale m«Miirement of 




Bar. 


Method of momerito. 


reciprocal diagram. 


Mean of the two met 






1 Fig. 129. 






lbs. 


Ite. 


Ita. 


AB 











BO 


+ 2,692 


+ 2,700 


+ 2,696 


CD 


+ 10,917 


+ 10,944 


+ 10,930 


DE 


- 3,240 


- 3,240 


- 3,240 


AH 


- 8,523 


- 8,572 


- 8,547 


BI 


- 8,523 


- 8,572 


- 8,547 


JD 


- 15,360 


- 15,280 


-15,320 


EK 


- 15,360 


- 15,280 


- 15,320 


AZ 


+ 8,051 


+ 8,082 


+ 8,066 


GZ 


+ 5,646 


- 5,652 


+ 5,649 


EZ 


+ 16,506 


+ 16,300 


+ 16,403 



The details of the calculations by the method of moments is 
left for the student to verify. 

The maximum stresses on any member of the truss due to 
^wind may be obtained from an inspection of the foregoing tables. 
The resultant stress is found by combining the maximum wind 
stress with the dead-load stress, thus — 



Table XXX. 

Table of Maximuu Stbbssks due to Dead Load and Wind Paessube. 



Bar. 



AB 

BO 

CD 

DE 

AH 

BI 

JD 

EE 

AZ 

OZ 

EZ 



Dead-load stresBee iu 
pounds. 



- 1,550 
+ 6,243 
+ 6,243 

- 1,550 

- 11,941 

- 11,312 

- 11,312 

- 11,941 
+ 11,245 
+ 5,269 
+ 11,245 





Besnltant atrees doe to 


Wind streaees in pounds. 


dead load and wind in 




pounds. 


- 3,240 


- 4,790 


+ 10,336 


+ 16,579 


+ 10,930 


+ 17,ir3 


- 3,240 


- 4,790 


- 14,523 


-36,464 


-14,523 


-25,835 


- 15,320 


-26,630 


- 15,320 


- 27,261 


+ 11,537 


+ 22,782 


+ 5,649 


+ 10,918 


+ 16,403 


+ 27,648 
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The resultant stresses should be used in designing the truss. 

The method of obtaining the stresses in a framed structure, 
such as a crane, is illustrated in Figs. 180 and 131. 

The force polygon in this case consists simply of the line 
KZ, representing the load W suspended from the end of the 










FlO. 130. 



Fio. 131. 



cantilever. The magnitude of the BT and BZ, acting as shown 
in Fig. 130, are found by means of the polar and funicular 
polygons shown in dotted lines, the point Y being determined 
by drawing OY parallel to the closing line as before. The 
magnitude and sense of the stresses in the various members of 
the cantilever may be determined by measuring the lines of the 







Fia. 132. 



reciprocal diagram, Fig. 131, to the proper scale, or by applying 
the method of moments. 

Fig. 132 represents a diagram of a roof-truss, for which the 
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reciprocal diagrams have been drawn for the dead load and 
wind pressnre shown in Figs. 138 to 136. 

The following data have been employed in drawing these 
diagrams: — 



BpftS of loof-troii •.. ... ••• ••. 

Dutftnoe between princiiMU... 

Length of prinoipal rmften ... 

Diituiee between joints meesnied along prind|»l raften 

InelinAtum of prinoipnl xmflsn to tlie horiion ... 

Bite of tie-iod in the oentie ... 

Deed loed at each of the seren intermediate joints 

Horiaontal wind pfeMure per aqnaie foot 

Normal w »» ^ ••• 

Total normal preMDie on one side 

Normal preamre at the three intermediate j<Mnts on one aide 

Normal preMure at the apex and point of rapport 



80<M) feet. 
I<h00 „ 
46-20 „ 
11-55 „ 
dOdegreee 
7 feet 
2500 Iba. 
50 
33 

16,000 ^ 
4000 ^ 
2000 ,. 



Fig. 133 represents the stresses due to the dead load; Fig. 134, 

the stresses doe to the wind 
acting on the left when both 
ends are fixed ; Fig. 135 repre- 
sents the stresses due to the 
wind acting on the left when 
the left end is free to move; 
and Fig. 136 represents the 
stresses with the wind on the 
right when the left end is free 
to move. 

The stresses may be tabulated in a similar manner to that 
illustrated in connection with the roof-truss shown in Fig. 125. 




OLAO LOAn. 

Fia. 133. 






.t^—"---- <» 




WIND ONLCFT. 
BOTH ENDS FIXCD. 



FiQ. i::4. 



Fig. 137 represents another example of a roof-truss, for which 
reciprocal diagrams have been drawn from the following data — 
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••• A i66t« 

... 1058 lbs. 



»» 



♦♦ 



»» 



»» 



Span of truss ... ••• ... ... ... ... 60 feet. 

Distance between trasses ... ... ... ... ... 7*5 „ 

Length of principal rafters ... ... ... ... 32*5 „ 

Distance between the joints measured along the principal rafters 8*1 y. 

Inclination of the principal rafter to the horizon ... ... 22} degrees. 

Kiso of the main tie-rod in the centre ... 

Dead load at each of the soTen intermediate upper joints 

vt vt <» n at supports 526*5 

Horizontal wind pressure per square foot ... ... ... 50 

Normal ^ y^ ^ ••• ... ... o9 

Total normal pressure on one sidel ..• ••• ••• ... 8100 

Normal pressure at the three intermediate joints on one side ... 2025 ,. 

Normal pressure at apex and support ••• ••• ... 1012*5 ,, 

Fig. 188 represents the 
stresses due to the dead 
load; Fig. 189, the stresses 
due to the wind acting on 
the left ^Yhen both ends are 
fixed ; Fig. 140, the stresses 
due to -wind acting on the 
left when the left end is free 
to move ; and Fig. 141, the 
stresses with the wind acting on the right when the left end 
is free to move. 




WIND ON LCPT. 
LEFT END MOVCABLC. 



FlO. 135. 



» » ♦ » » 



loUr 



rciT. 




WIND ON RIGHT. 
LEFT END MOVEAILE 



Fig. 13C 
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The stresses in this and the foregoing example may be 
tabulated in the manner folly explained in the first example. 

Figs. 125 to 129. 

Fig. 142 represents a diagram of a polygonal roof-trass, for 




V/IND ON mOHT. 
LEFT CNO MOVEABLE 
FlO. 141. 



which reciprocal diagrams have been drawn for the dead load 
and wind pressures, Fig. 143 to 146. 

The followmg data have been employed : — 

Span of roof-truB8 •.. •.. 

Distance between principals ... 
Dead load per square foot of area covered 
Horizontal wind pressure per square foot 
Dead load at joints 2, 8, 4, 5, 6, and 7 .. 
)) fy )) X and o . • • • • 

Wind pressure at joints 1 and 5 

2 „ / 

3 „ 6 

4 „ 5 



>» 



n 



n 



»» 



» 



t» 



»» 



»» 



»♦ 



»» 



100*0 feet 


20-0 


i» 


14 ] 


lbs. 


50 


>i 


4000 


5» 


2000 


n 


7900 


j» 


9520 


>j 


7900 


»^ 


1250 


1* 
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The figure is re- 
dondant, bat one set 
of diagonals is sup- 
posed to be omitted, 
otherwise the recipro- 
cal stress disgraniB 
coold not be drawn. 

Fig. 148 represents 
the sb^sses due to the 
dead load. (Fig. 144 
represents the stresses 
due to wind acting on 
the left side when both 
ends of the principal 
are fised in position. 
The point Z is deter- 
mined by means of the 
polar and funicnlar 
polygons shown in 
dotted lines. The 
force polygon for the 
loads P„ Pa, and P4, 
which produce reac- 
tions at both sup- 
ports, is shown in Fig. 
144, viz. PQRSZP, in 
which SB, BQ, and 
PQ are drawn parallel 
toP», P3, andP* (Fig. 
142). PS is the re- 
sultant, and equals 
the sum of the reac- 
tions at the supports 
due to the three loads 
under consideration. 
The force polygon for 
the four forces Pi, 
Pi, Pa, and P4 is 
PQRSTZP, m which 
ST is drawn parallel 
to P, and ZT joined. 
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WIND ON Lcrr. 
■•TN Mos ruco 



FlO. 144. 



The remainder of Fig. 144 will be readily understood by the 
student, as Bow's notation has been employed throughout. 

Fig. 145 represents the 
stresses due to wind acting 
on the left-hand side, but 
with the left end fixed and 
the right on the point of 
moving ; under these circum- 
stances the left support must 
supply the horizontal com- 
ponent of the inclined reac- 
tions at both supports. The 
point Z in Fig. 144 becomes 
Zi in Fig. 145 ; PZi represents the vertical reaction at the right 
support, and TZ, represents the vertical reaction at the left 
support. 

The horizontal reaction at the left support is represented by 

Zi, Z,; the stresses in the 
various members of the truss 
are determined by completing 
the figure as before. 

Fig. 146 represents the 
stresses due to wind acting on 
the right with the right end 
movable as before. 

The stresses due to the 
various cases of loading ob- 
tained by measuring the re- 
ciprocal diagrams, Figs. 143 to 146, and also the total maxima 
stresses, are given in the following table :— 



WIND ON mONT. 
mONT CNO MOVCHtlX. 




Fig. 116. 
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Table XXXI. 



Dar. 



SA 

RC 

QE' 

PCI' 

OH' 

NJ' 

ML 

AZ 

BZ 

DZ 

F'Z 

IZ 

KZ 

LZ 



ciy 

EF 
GH 



BB' 

DD' 

FF' 

HI 

JK 

BC 

DE 

F'G 

ir 

KK' 



DeadloAd 
strcsaea 



llw. 

- 29,200 

- 27,460 

- 26,240 

- 25,570 

- 26,240 

- 27,460 

- 29,200 
+ 24,120 
+ 23,570 
+ 24,960 
4- 25,570 
+ 24,960 
+ 23,570 
+ 24,120 



+ 1,220 
+ 3,390 
+ 3,390 



IM + 1,220 
K'L + 1,950 



+ 
+ 

+ 







890 
1,670 
1,670 

890 






Both ends of principal fixed Right end movable, left end 
to the support. fixed. 



Wind on the 
right. 



Ibn. 

- 9,780 

- 11,510 

- 14,230 

- 19,340 

- 28,350 

- 35,130 

- 33,910 
+ 
+ 
+ 
+ 
+ 
+ 
+ 



5,890 
5,780 
8,450 
11,900 
17,450 
26,180 
33,570 



AB' + 1,950 + 500 



Wind on the wind on the ^^Ind on tbe 
left. right. !«**• 



- 450 

- 1,340 

- 2,890 

- 5,670 



+ 
+ 
+ 

+ 
+ 









2,780 
4,000 
7,000 
11,450 
9,120 



lbs. 

- 33,910 

- 35,130 

- 28,350 

- 19,340 
-. 14,230 

- 11,510 

- 9,780 
+ 33,570 
+ 26,180 
+ 17,450 
+ 11,900 
+ 8,450 
+ 5,780 
+ 5,890 



lbs. 
+ 3,110 
+ 5,000 
+ 8,000 

- 13,340 
-22,460 

- 29,130 

- 27,120 

- 10,900 

- 10,670 

- 8,450 

- 5,220 
+ 280 
+ 9,120 
+ 16,450 



+ 

+ 
+ 
+ 
+ 



9,120 
11,450 
7,000 
4,000 
2,780 








+ 
+ 













2,170 

3,780 

7,000 



+ 11,780 
+ 9,560 



lbs. 
-34,010 

- 35,680 

- 28,680 

- 20,180 

- 14,900 
12,170 
10,780 
35,350 
29,640 

+ 20,230 
+ 14,560 
+ 11,010 
+ 8,670 

- 8,840 



+ 
+ 
+ 



- 2,450 - 780 - 1,890 

- 5,670 - 1,670 - 4,780 

- 2,890 - 2,670 - 2,780 

- 1,340 - 4,340 - 1,220 

- 450 - 6,450 - 230 



- 2,450 + 500 - 4,000 + 670 



+ 8,340 
+ 11,670 



+ 

+ 
+ 



7,110 

4,110 

2,400 













Total 
maxima 
stresses. 



llM. 

- 63,210 

- 6,314 

- 54,820 

- 45,750 
-54,590 

- 62,590 

- 63,110 
+ 59,470 
+ 53,210 
+ 45,190 
+ 40,130 
+ 42,410 
+ 49,750 
+ 57,690 

2,450 
500 
1,220 
4,450 
3,390 
3,390 
950 
1,220 
5,230 
2,620 
2,050 
9,120 
11,670 
7,110 
5,000 
4,450 
4,450 
4,890 
7,000 
+ 11,780 
+ 9,560 



{i 
{i 

+ 

{i 
{i 

+ 
+ 

+ 

+ 
+ 
+ 

+ 



CHAPTER Vin. 



BRACED GIBDEBS WITH PARALLEL FLANGES. 



Fig. 147 represents a cantilever loaded at the apices. The load 
— at the apex o and the stresses in the bars ol and o2 are in 

equilibrium ; they may therefore be represented by the triangle 

W 

of forces ofe, in which ac represents the load — , Fig. 148. 

The stress in ol (oli)> may be found thus — 



W 

oliZ-^ :: ah: ac 

W 

also o2i : -3 ::hc : ac 



W 
.\ ol, = — sec 
2 

W 
.•. o2i = — tan d 



We see also, from the direction of the forces in the triangle 
ahc^ that o2 is in tension, and ol is in compression. 





Fig. lis. 



Fig. 147. 



The stress in 1 2 is clearly the same as in ol. The stress in 

2 3 due to the load at the apex 2 is W sec 0, and the total stress 

3W 
on 2 3 is therefore -— - sec fl, which is also the stress in the bar 

Ik 

3 4 ; the former is in compression, and the latter in tension. 
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The stress in 1 3 is the sum of the horizontal components of 
the stresses in ol and 1 2. 

.'. 1 3i = W tan 6 (compression) 

The stress 2 4i is the sum of the horizontal components of 
the stresses in 1 2 and 2 8, plus the stress in o2. 

W 
/. 2 4i = 2W tan + — tan d (tension) 

Ik 

In a similar manner we may find the stresses in the remain- 
ing bars. 

We see that the increment of stress in the web is W sec 6, 
80 that we may write down the stresses in the remaining 
bars thus — 

6W 

In the bars 4 5 and 4 6 the stress is — sec 

Ik 

7W 
» 67 „ 78 „ „ 2 seed 

The increment of flange stress at the apex 1 we found to be 
W tan 6, and at the apex 2, 2W tan 6. In a similar manner 
we could have shown that the increment of flange stress at the 
apex 8 is 8W tan 0, and at the apex 4 it is 4W tan 0, and so on 
for the remaining bars. 

Let W = 10 tons, and 6 = 80° 

then sec 6 = 1'154, and tan 6 = 0*577 

The increment of web stress W sec = 11*54 tons, and 
W tan e = 5-8 tons. 

In Fig. 147 we may write down the stresses in the diagonals 
by multiplying the number written on the bars by 11*54, thus — 

Stress in ol = 0*5 X W sec © = - 6*77 tons, compression 

„ „ 1 2 = 0*5 X W sec d = + 5*77 „ tension 

2 8 = 1*5 X W sec 6 = — 17*81 „ compression 

8 4 = 1*5 X W sec e = + 17*81 „ tension 

„ 4 5 = 2*5 X W sec 6 = - 28*85 „ compression 

5 6 = 2-5 X W sec e = + 28*85 „ tension 

6 7 = 3*5 X W sec © = - 40'89 „ compression 
„ 7 8 = 3-5 X W sec e = + 40-39 „ tension 

The stresses in the flanges are written down in a similar 
manner, thus — 



>9 
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Stress in o2 = + 2*89 tons. 


Stress in 23 =: — 5.77 tons 


„ „ 2 4 = + 14-45 „ 


„ ., 35 = - 28-08 „ 


„ „ 4 6 = + 87-58 „ 


>» „ 57 = — 51*93 ,, 


„ „ 6 8 = + 72-25 „ 


„ „ 79 = - 92-32 „ 



Fig« 149 representB a triangular girder supported at both 
ends and loaded symmetrically; such a girder is termed a 




** Warren girder." It would be used for a deck bridge, the deck 
being carried by the top member. 

The reactions are each equal to half the load. The stresses 
in the bars are found thus — 



stress in KS = Bi sec 9 


= + 2-5W sec 6 (tension) 


„ „ KJ = El sec 6 


= - 2-5W sec (com- 




pression) 


„ „ IJ = (Ri-W)sec0 


= + l-5WBece 


„ „ JH = (Ri - W) sec e 


= - 1-5W sec 9 


„ „HG = (Ri- W- W)sec 


9= - 0-5W sec 9 


„ „ GF = (Bi - W - W) sec 


9=- 0-5W sec 9 



Hence we may write coefficients against the bars, and 
multiply by W sec to find the stress as before. It should be 
noted that the bars which slope towards the centre are in com- 
pression, while those which slope away from the centre are in 
tension. 

The stresses in the flanges are found by adding the horizontal 
components of the stresses in the web, as before, thus — 



Stress 


in 


QK 


99 




PI 


99 




OG 


91 




JS 


J> 




Ha 


>> 




FS 



- (2-5 + 4)W tan 9 

- (6-5 + 2)W tan 9 

+ (5 + 3)W tan 9 
+ (8 + 1)W tan 9 



= - 2-5W tan 9 
= - 6-5W tan 9 
= - 8-5W tan 9 
= + 5-OW tan 9 
= + 8-OW tan 9 
= + 9-OW tan 9 
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Here we note that by adding the coefiScientB on two bars 
which meet at a vertex, and writing the result on the vertex, 
we have the coefficient for the increment of flange stress, which 
requires to be multiplied by W tan and added to the stress in 
the flange preceding it, counting from the left support, to find 
the stress. 

Let e = 30^ and W = 10 tons. 

Then sec 61 = 1-154 /. W sec 61 = 11-54 tons 
tan e = 0-577 /. W tan 6 = 5-77 tons 

The actual stresses are written on the right-hand half of 
the girder, Fig. 149. 

Fig. 150 shows a lattice girder loaded symmetrically on the 
top and bottom flanges. 

Here we may consider each triangulation separately, and 




apply the foregoing principles. The results are written on the 
left-hand half of the girder, Fig. 150. 

Let Wi = 5 tons, and W = 10 tons, % = 45^ 

Then sec 61 = 1-414 
.-. Wx sec e = 7-07; W sec = 14-14; tan = 1 

The results are written on the right-hand half of the 
girder, Fig. 150. 

Fig. 151 represents a truss known as the Murphy-Whipple, 
or Pratt, truss. The vertical members are constructed as com- 
pression members, while the diagonal members are in tension. 
The truss as shown would be used as a deck bridge like the 
Warren girder, Fig. 149. Fig. 152 represents the same truss 
inverted, but the vertical members are in tension, and the 
diagonal members are in compression. Li this form it is 
termed the Howe truss, and is much used for composite structures, 
the vertical members consisting of one or more bolts, the 
diagonal and top members of timber, while the bottom member 



126 



Engineering Construction. 



may be constructed of timber or iron. The Howe truss, as 
shown in Pig. 152, would be used for a through bridge, and the 
deck would be carried by the bottom member. In both Pigs. 
151 and 152, the diagonals in the centre bay are unstressed, with 
the loads symmetrically arranged on either side of the centre, 



FiO. 161. 



4W 



4W 




as shown ; they will be referred to in regard to the live load. 
We may write coefficients against the bars and determine the 
stresses as before ; thus in Fig. 151 the stresses in the 
verticals are — 

a\ = W, cdi = 2 W, ef = 3 W, (jh = 47 W 

The stresses in the diagonals are — 

c6 = W sec e, de = 2W sec 0, fg = 3W sec 6, hk = 4W sec 9 

The horizontal components of the stresses in the diagonals 
will produce stresses in the top and bottom members, thus — 

%! = 4 tan 

gCi = 4 tan + 9 tan = 7 tan 
eci = 7 tan + 2 tan 61 = 9 tan 61 
cai = 9 tan + tan 6 = 10 tan 

In a similar manner we may find the stre sses in the bottom 
member ; they are written in Fig. 151. 

If W = 5 tons, and e = 45° 
then W sec = 5 X 1*414 = 7*07 tons ; W tan = 5 

The results are written on Fig. 152. 



Braced Girders with Parallel Flanges. 127 



We may draw reciprocal figures to find the stresses in the 
various members as illustrated in Figs. 153 and 154. 





Fig. 154. 



Fig. 153 represents the stresses in the truss illustrated in 
Fig, 152, and Fig. 154 the stresses m that illustrated in 
Fig. 149. 

Braced Qirders with Parallel Flanges subjected to a Travelling 
Load. — We have seen in Chapter IV., Fig. 54, that the maximum 
shearing stress at any point of a girder subjected to a travelling 
load occurs when the load extends from either abutment to the 
point in question, the remainder of the girder being unloaded. 
Hence in the Warren girder, Fig. 149, the maximum compres- 
sive stress in the bar FG occurs when the apices on the right 
half of the girder are loaded. The maximum tensile stress 
in FG occurs when the remaining apices are loaded, and the 
apices on the right half of the girder are unloaded, thus — 

- FG = ^^^^3^ + 2 + 3) = - W sec e 

+ pa = ^^'(i + 2, . + ?-f^» 

6 2 

The same stresses will be produced on the bar GH, only 
with the signs changed, thus — 

- GH = - !L^«_?^ and + GH = + W sec e 



In a similar manner the stresses in all the inclined bars 
may be written down ; thus for the left half of the girder we 
have— 
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Stress in HI = — 



W sec e ^ ,. ^ . W sec e , 

-(1 + 2 + 8 + 4) and + — :: — (1) 



6 



(> 



,, ,, IJ ~ 



„ ,, JK = — 



„ „ KS s= 



low sec » ^ . W sec » 

low sec » ^ W sec % 
+ —^~ and - —^ 

b b 

W sec 9 15W sec 

+ - -(1 + 2 + 3 + 4 + 5)= + — 

6 o 



The maximum stresses in the horizontal members due to 
the live load will occur when the girder is ftilly loaded, and 
they may be found in a similar manner to that explained in the 
foregoing examples. We may determine the stresses in the 
inclined members graphically thus : In the Warren girder. 
Fig. 149, let the dead load at the apices be 5 tons, and the live 
load 10 tons. Here we draw the ordinary shearing-stress 
diagrams for the live and dead loads, and set out the triangles 
as shown in Fig. 155. 
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In Fig. 151 let the dead load at the apices be 5 tons, and the 
live load 10 tons, and let 9 = 45^ The stresses in the top and 
bottom members may be found as in the case of the dead load, 
or we may use the method of sections ; thus for the stress in 
WE, we suppose a vertical section cutting ED, and take moments 
about the point where ED cuts the bottom member, thus — 

- lOWE + 15(20 + 10) - 60 X 80 = 
.-. WE = - 185 tons 

In a similar manner we write down the stresses in all the 
top and bottom members, thus — 
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YA = 


= - 60 tons 


XC - - 60 X 20 + 15 X 10 

10 


= -105 „ 


T^p - 60 X 30 + 15(20 + 10) 


= - 185 „ 


WJ!,- - ^^ - 


,,„ - 60 X 80 + 15(80 + 20 + 15) 


= - 150 „ 


UH = 


= - 150 „ 


BZ = 


= + 60 „ 


^^ 60 X 20 - 15 X 10 
^^" 10 


= + 105 „ 


-,_, 60 X 80 - 15(20 + 10) 
^^= 10 


= + 135 „ 


„_, 60 X 40 - 15(30 + 20 + 10) 


= + 150 „ 



These stresses are three times those written on Fig. 152. 
Stresses, in Diagonal Members. — For the stresses in the dia- 
gonal members we proceed as in the case of the Warren girder. 
Fig. 149— 

Wi sec6 = 14*14 tons for the live load 
W sec© = 7*07 „ „ dead load 

and^^= 1-572 



The stresses on NO, for example, may be fonnd most con- 
veniently by writing the equation so that the live loads pro- 
ducing tension and compression may bo readily seen — 

NO = 21-21 + 1-572(1 + . . . +7)> 21-21 + 44-016-1-57 

- 1-572(1) 3 

hence NO = + 65-22 tone and + 19*64 tons 

The stress in the bar PZ is — 

PZ = 28-28 + 1-572(1 + . . . +8) = + 84-84 tons 

Also in the remaining bars we may find the stresses as 
before — 

LM = 14-14 + 1-572(1 + • . . + 6) 

- 1-572(1 + 2) 
.-. LM = 14-14 + 88-012 

- 4-716 

.'. LM = + 47*15 tons and 9-42 tons 

K 
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The Btresses in the first three bars are not reversed by the 
live load, and are always tensile. In the bar JK we shall see 
that the live load puts a compressive stress upon the bar. 
thus — 

JK = 7-07 + 1-572(1+ . . . + 5) 

- 1-572(1 4-2 + 3) 
/. JK = 7-07 + 23-58 

- 9-432 

.-. JK = + 30-65 tons and - 2*36 tons 

Since JK can only resist tensile stresses, we must counter- 
brace the panel by inserting a diagonal crossing JK. Since it 
is hardly possible to ensure that each member shall perform 
the duty assigned to it, it is better practice to make the counter- 
brace take all the live -load shear, so that JK would have to 
sustain + 30*65, and the counterbrace 9-432 tons. 

In the central bay there is no stress in the diagonals due to 
the dead load ; the stresses due to the live load are — 

+ 1-572(1 + 2 + 3 + 4) = + 15-72 tons 

Hence the central bay must be counterbraced by inserting 
two diagonals crossing each other, each designed for a tensile 
stress of 15-72 tons. These diagonal counterbraces are shown 
in dotted lines, both in Figs. 151 and 152. The counterbraces 
only come into action when the live load tends to produce dis- 
tortion of the panel by putting a compressive stress on the 
main brace ; when this occurs, the main brace bends and throws 
the tensile stress upon the counterbrace, so that the two braces 
are never in action simultaneously. 

Stresses in Vertical Members. — The stresses in the verticals 
are the vertical components of the stresses in the diagonals, and 
one may be found from the other, or we may proceed indepen- 
dently, thus — 

'^=" ';f(lt2 + 3)'"i ••• JH = - 15 and + 1-66 

Hence we see that the live load puts tensile stress upon JH 
and HG. The maximum stresses are written on Fig. 156. 

In designing these girders we must compare the maximum 
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stresses, as written on Fig. 156, with those produced by the 
dead load only, and thus find the range of stress for those bars 
where the stress is not reversed by the live load. Where there 
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Fio 158. 



Fig. 169. 



Fig. 166. 

is a reversal of stress, as in the two central verticals, the range 
of stress is shown on Fig. 156. Hence the intensity of working 
stress is found as explained in Chapter I. 

When there are more than one system of triangulation each 
system may be calculated separately, as in Fig. 157, as the 
loads upon the apices of a particular system are transmitted by 
that system to the abutment independently of the others. 

Fig. 157 represents a lattice girder or truss of an odd 
number of panels, which may 
be subdivided into four dif- 
ferent systems, as shown in 
Figs. 158 to 161. Th^ sub- 
division illustrated in Figs. 158 
and 159 represents the method 
for partial loading, and Figs. 
160 and 161 show a possible 
division for complete loading ; 
but here there is an ambiguity, 
as we are not sure whether the 
system illustrated in Figs. 158 
and 159 would not hold. If 
the stresses are calculated for 
each case, and the maximum 
stresses adopted in the design of the girder, this ambiguity 
will not cause a want of strength. The student may work out 
the stresses in this case by assuming a live load of 10 tons 
and a dead load of 5 tons at each bottom apex, B = 80^, 
span = 50 feet. 

This method of subdivision and superposition is often very 
convenient, and may be used in the two following examples, 
Figs. 162 and 165. Here, however, there is no ambiguity, as the 
number of panels is even, and there are only two subdivisions 
possible. 




Fig. 160. 



Fig. 161. 
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Figs. 162 and 165 are both modifications of the Pratt or 
Murphy- Whipple truss, but in these forms they are sometimes 
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Fig. 167. 



3r-3» 



called Linville trusses ; the former is suitable for a deck bridge, 
the latter for a through bridge. 

Pig. 165 represents the outline of the bridge over the Ohio 
Eiver, 415 feet span. 

Fig. 168 shows a form of timber truss which has been largely 
used for road bridges in Australia. The vertical tension members 



«5^ 




Fig. 168. 



are constructed with two or more bolts, which may be screwed 
up as required, and the diagonal members of the web fit into 
iron pockets, and are provided with double wedges at the ends 
for putting the member in initial compression and taking up 
shrinkage. 

The stresses written on the various members of the truss 
have been determined in the manner sufficiently explained, and 
may be verified by the student. The dead load is 0*6 tons per 



^ 
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foot run, and the live load 0*53 tons per foot run on each 
truss. 

The counterbraces in the four central bays, shown in dotted 
lines, are chiefly necessary in consequence of the wedges and 
the stresses, as the various members of the truss may vary 
from those written on Fig. 168, depending on tightness or slack- 
ness of the wedges. The counterbraces should be made about 
half the sectional area of the main diagonal in the same bay, 
and should be arranged with their largest lateral dimensions at 
right angles to the plane of the truss in order to give lateral 
stiffness. 

The cross-beams in this truss are spaced on each side of the 
panel points ; the main tie is subjected to a certain amount of 
transverse stress. 

Fig. 169 shows a Howe truss as used in a highway bridge of 
70 feet span, in which the vertical members consist of two or 
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more bolts, but the diagonal members of the web and the ends 
are inclined at the same angle, viz. 45^ The cross-beams carry- 
ing the floor rest upon the bottom chord at the panel points, the 
vertical bolts being spaced longitudinally at a distance apart 
equal to the width of the floor beam. There are no wedges at 
the ends of the diagonal members, as the shrinkage of the timber 
may be taken up completely by screwing up the nuts on the 
vertical bolts, hence only the central bay is counterbraced. 

The stresses written on Fig. 169 have been determined for a 
dead load of 0-414 tons and a live load of 0*470 tons per foot 
run for each truss. 

This truss is obviously superior to the foregoing for timber 
bridges. 

The method of constructing the joints in the bottom chord of 
these trusses will be considered in Chapter XIII. 

The bottom chord in both these trusses may be constructed 
of steel, and the compression members only of timber. This 
composite truss has the advantage of allowing the various 
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timber members to be removed without Btopptng the traffic over 
the bridge. 

The following example is given to iUaBtrate the method of 
calculating the streesea in lattice girders sabjected to a per- 
manent load due to the weight of the stmoiore, and a live load 
dae to an engine and train. This girder is not given as an 
example of good proportion, aa it is too deep, and is unsoitable 
for BO small a span. 

Let the permanent load considered as concentrated at each 
apex be 2 tons, denoted by Wi, and the live load concentrated in 
a similar manner be 5 tons, denoted by W. There are 12 bays 
and 4 systems of triangulation, the bars being inclined at 45". 

W sec e = 5 X 1-414 = 7-070 tons, and W, sec % = 2-8-28 
W sec e „ 

Span of girder = 60 feet, depth = 10 feet 

By referring to Fig. 170 and the subjoined table of stresses, 
it will be observed that the live load Wi produces Etresses on 



bars 3, 7, and 11 ; that Wj produces stresses on bars 4, 8, and 
12 ; Wj on bars 1, 5, 9, and 13. Wu also produces stresBes on 
bars 1, 5, 9, and 13, thus— 

Wsec 
- ^^ = - 0-589, Bay - 0-59 

Ws prodoces — 

9W sec _ „„ , , 

- — — — = - 5-30 on bar 1 

SWsece , „„ . ^ „ ,,„ 

+ — -T — = - 1-77 on bars 5, 9, and 13 
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The stresses produced on each bar by the various loads, con- 
sidered separately, are tabulated as shown. The stresses on bar 
1 for the loads W3, W7, and Wn which affect it are added together 
and the result written in the first column, as it is compressive. 
In a similar manner, the stresses on the other bars are added, 
and written in the first or second column, according as the stress 
is compressive or tensile. 

The stresses in the third and fourth columns due to dead 
load are found, as in the foregoing examples, by affixing the 
proper coefficient to the bar and multiplying it by Wi sec % 
(Fig. 171). 

The total maximum stresses are found by adding the stresses 
of like kind in the first four columns due to live load and dead 
load. It should be noted that bars from 3 to 9 are subjected to 
both tensile and compressive stresses. 

The stresses in the remaining 18 bars may be written down 
by numbering them from the right-hand support. 

The stresses in the top and bottom horizontal members are 
found as before, by adding the coefficients written in the lattice 
bars. Fig. 171, and multiplying by (W + Wi) tan for the 
increment of flange stress = (2 + 5) tan 6 = 7 tan 0. 



-sa-s 



-AZ'5 




Thus the stresses in the top member may be written down — 



Stress on 1st bay = 1*5 x 7 



= - 10"5 tons 



>> 



iy 



>y 



>> 



2nd 
3rd 



>> 



91 



= 10-5 + 2X7= - 24-5 
= 24-5 + 2x7= - 88-5 



y> 



99 



The stresses in both top and bottom members are written 
down in Fig. 171. 

The stresses in the top and bottom members may be plotted 
to scale as ordinates on the length of the girder as a base, and 
the extremities joined, forming two polygons, which are the 
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diagrams of direct streBBes due to bending, and may be 
DBed for designing the top and bottom flanges as explained 
in Chapter IV. 



The following example is given to illustrate the method of 
designing a lattice girder or of ascertaming the stresBes in a 
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girder already baiU. Figs. 172 and 173 show the stresses in 
the veb and flanges of a lattice girder in a bridge on the New 
SoQth Wales G-ovemment Railways.' The bridge consiata of 
two lattice main girders, forming a clear span of 150 feet. The 
girders are 161 feet 9 inches long over all, and placed 14 feet 
apart in the clear. Between them transverse or roadway 
girders are placed at a distance of 3 feet from centre to centre. 




The bridge carries a single line of way. The lattice girders rest 
at each pier on cast-iron bed-plates fixed on the piers, with steel 
expansion rollers at one pier. Each lattice girder is 12 feet 
deep between the intersection of the lattice bars. The booms 
are trough-shaped, and connected with douhle-lattioe webs. The 
web is formed of a doable set of lattice bars riveted to the 
vertical plates of the booms, and inclined at an angle of 43° 25'. 
Each set of lattice bars consists of seven systems of triangala- 
tion, the flat tension bars varying from 6" x g" to 4" x i", and 

' Railvay Bridges Inquiry CommiBaioD, New South Wale*, 1B8T. 
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the channel irons forming struts from 6" x 2J" x i" to 3i" x 
1}" X i". 

The data for calculations are as follows : — 



EflFective span = 156' 0" 
„ depth = 72' 0" 
Dead load on each girder = 0*6 tons per foot run 
Live ,. .. „ = 0-7 



y> i> 9» >9 



a 



Weight at each apex due to dead load = 0*6 x 3 = 1*8 tons 

„ live „ = 0*7 X 3 = 2*1 „ 
» = 43° 25' .-. sec e = 1-37274 
Wisec e = 1*8 X 1*37274 = 2*5 tons 
WsecO _ 2*1 j< 1*37274 

I "* ' 52 " 



= '0554 tons 



The following table gives the bending moments, stresses, and 
areas required in the bridge. By comparison of this table with 
the diagram of areas, Pig. 173, we have — 

Maximum stress in compression = 3*72 tons per square inch 
,, „ tension =4*37 ,, „ „ 

Table XXXIL 





• 




Area required. 


41 -^ 


M = -66(6084 - »') 


Stress 






32955 


Top. 
82-39 


Bottom. 





395400 


65-91 


5 


3938-35 


328-20 


82-05 


65-64 


10 


3889-60 


324-13 


81-03 


64-82 


15 


3808-35 


317-36 


79-84 


63-47 


20 


3694-60 


307-88 


76-97 


61-57 


25 


3548-35 


295-69 


73-93 


59-14 


30 


3369-60 


280-80 


70-20 


5616 


35 


3158-35 


263-19 


6579 


52-64 


40 


2914-60 


242-89 


60-72 


48-57 


45 


2638-35 


219-86 


54-96 


43-97 


50 


2329-60 


194-13 


48-53 


38-82 


55 


1988-35 


165*69 


41-42 


3314 


60 


1614-60 
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33-64 


26-91 


65 


1208-35 


100-69 


25-17 


2014 


70 


769-60 


6413 


1603 


12-82 


75 


338-35 


28-19 


7-05 


5-62 


78 


0-00 


0-00 


0-00 


000 



CHAPTEE IX. 



BOWSTRING AND POLYGONAL GIRDERS. 



The siaresses in girders or trusses with curved or polygonal 
flanges or chords may be most conveniently ascertained by the 
method of moments explained in Chapter III. 

Let Fig. 174 denote an inverted bowstring girder or truss, in 
which the bottom chord is a polygon inscribed in a parabolic 
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curve. Let the span be 48 feet, the central depth 6 feet, the 
number of panels 8, the length of each panel 6 feet, the live 
load equivalent to 5 tons at each panel-point, the dead load 1 
ton at each panel-point. 

The reaction at the left support due to all the panel-points 
being fully loaded is^- 

K=a + s+ . . . +D + 5(i + ^^+ ... +1) 

= 3-5 -I- 17-5 

The stress in AO, denoted by AO, is found by taking moments 
about the point 2, the lever arm or the length 3*2 being 2'62 
feet. 

AO(2-62) + R(6) = 

:. AO = - (17-5 + 8'5)^:^ = - 48-08 tons 
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The stress in AX is fomid by taking moments about the 
point 3, the lever arm, or the perpendienlar distance from 3 on 
AX, being 2-4 feet— 

- AX(2-4> + R(6) = 

/. AX = + (17"5 + 8-5 > — ■ = 52*5 tons 

2*4 

The stress in the vertical member AB is fonnd by passing a 
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plane through AO, AB, and BX, and taking moments about the 
intersection of AO and BX 

- AB(8-4) - B(2-4) = 

/. AB = - (17-6 + 8-5)f 1 = - 6 tons 

8"4 

The stresses in the three members of the second bay may be 
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UVC L<MO KX «PCX & 

Fig. 1T7. 



found by passing a plane through PC, BG, and BX, and taking 
moments, thus — 

For the stress in PC take moments about the point 4, for 
BX take moments about the point 8, and for BC take moments 
about the intersection of PC and BX — 
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4'5PC + 12E - 6 X 6 == 

21 X 12 - 86 

/. PC = , ' = - 48 tons 

4*6 

- 2'5BX X + 6E = 

/. BX = + —z-^- = 50-4 tons 

2-6 

5'04BC - E X 2-4 + 5 X 8-4 + 1 x 8-4 = 
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\ X 2-4)} 
\ X 2-4)} 




This equation may be written thus — 

= 5-04BC -{(!+...+ §)2-4 - (8-4 
-5{(J+ . . . +i)2-4-(8-4 
/. = 504BC - (6-8 - 6-8) 

- 5(6-8 - 6-3) 

This equation shows that the 
diagonals are unstressed when 
the bridge is completely loaded, 
either with the dead load only 
or with the dead and live loads. 
If the panel-points on the 
right-hand side of the section 
plane cutting the three bars in 
the bay under consideration are 
fully loaded, and the panel- 
point on the left is loaded with 
the dead load only, the equation 
becomes — 

= 504BC - (6-3 - 6-8) 

- 5 X 6-8 
/. BC = 6-25 tons 



Hence the greatest tension on any diagonal occurs when the 
panel-points on the right are fully loaded. If the panel-point 
on the left is fully loaded, and those on the right with the dead 
load only, the equation becomes — 

= 5-04 BC - (6-8 - 6-8) 

+ 5x68 
.-. BC = - 6-25 tons 
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Hence the greatest compression on any diagonal occurs 
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when the panel-points on the left are fully loaded, and those on 

the right with the dead load only. 

In a similar manner 
it can be shown that 
when the diagonals slope 
in the contrary direction, 
i.tf. from 2 to 5, instead 
of from 3 to 4, the same 
rule holds good if the 
word "tension" is altered 
to "compression," and 
vice verscL 

If both diagonals are 
present, they should be 

designed for tension only, in which case only one will be in 

action at a time, and the vertical members will be in compression. 
In a similar manner the stresses in the remaining bars may 

be found and tabulated, or they may be written on the members 

of the girder, as in Fig. 180. 

If the girder have a single system of triangulation, the 

stresses may be derived from Fig. 180, thus — 
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Fig. 180. 



The stresses in the bowstring truss shown in Fig. 174 may 
be determined by drawing reciprocal figures to scale, and 
measuring the lengths of the lines as explained in Chapter III. 
One diagram is sufficient to determine the stresses due to the 
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dead load, but for the partially distributed live load it is 
necessary to consider the stresses for the live load at each apex 
separately, and then to combine the results for the total stress. 
Fig. 175 shows the reciprocal figure for the bowstring truss 
for the dead load ; Fig. 176, the live load only at the apex 3 ; 
Fig. 177, the live load at apex 5 ; Fig. 178, the live load at apex 
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7; and Pig. 179, the live load at apex 9. The Bum of the 
stresses obtained by measuring the lines in the reciprocal 
figures and tabulating the results may be used as a check on 




Fig. 183. 



the method of moments, in which case the mean value should 
be taken in designing the structure. 

In a polygonal girder in which the panel-points in the 
polygonal chord do not lie on a parabolic curve, the dead load 
will produce stresses in the diagonals. Thus Pig. 188 shows a 







Fig. 183. 

form of truss suitable for a timber bridge, and Pig. 184 a truss 
of the same dimensions suitable for an iron or steel bridge, the 
compression members in each case being denoted by thicker 
lines. 

For a highway bridge with a roadway 20 feet wide and two 
overhanging footways each 5 feet wide, the dead load at each 
panel-point is about 14 tons, and the live load 11*2 tons, or 0*8 
of the dead load. 

The stress in the diagonal member in the third bay, denoted 
ty Y3, Pig. 183, is therefore— 
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= 



.-.0 = 



•■• ys = 



- 108^/, - [14{(Ji + . . . + t)100 - (120 - J X 100) 

- (140 - g X 100)}] - 0-8[14{(i^ + . . . + %)VO0 

- (120 - I X 100) - (140 - I X 100)}] 

- 108»/~ - 2626 + 1865 

- 2100 + 1092 

- 81-1 tons 
+ 1-5 „ 



For the dead load only — 



= - lOBy, - 2695 + 1865 
•*• .% = - 11*7 tons 
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Fro. 184. 



In Fig. 184 



O = \Vo\j - [14{(J + . . . + t)100 - (120 - 5 X 100) 
,- (140 - ft X 100)}] - 0-8[14{(J + . . . + f)100 
- (120 - J X 100) - (140 - f X 100)}] 
.-. = 116^3 - 2625 - 1865 

- 2100 + 1092 
•'• ^3 = + 29 tons 



The stresses in the diagonals of the fourth bay, Fig. 188, 
are — 
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= 1392^4 - [14{(1 + . . . + 1)100 - (120 - | X 100) 

- (160 -%X 100)}] - 0-8[14{(J + . . . + J)100 

- (120 - J X 100) - 160 - g X 100)}] 
= 1892/4 " 1750 + 455 + 910 + 1365 

- 1400 + 364 + 728 + 1092 
/. = 139,^4 - 1750 + 2730 

- 1400 + 2184 
/. 2/4 = - 22*7 tons 

+ 3-0 „ 

In Fig. 184— 

= 1281/4 - 1750 + 2730 
- 1400 + 2184 
/. 2/4 = + 24-7 tons 
- 7-5 „ 

In a similar manner the remaining stresses may be found. 

In Fig. 183 it would be desirable to introduce counterbraces 
in the four central panels, as indicated in the dotted lines ; 
the largest dimensions should be at right angles to the plane of 
the truss, for the sake of greater lateral stiffness. The diagonals 
should be designed for compression only, and provision should 
be made for taking up the shrinkage of the timber, such as by 
means of wedges at the joints, which would put the diagonals 
in initial compression. Otherwise the diagonals should be de- 
signed for both tension and compression. The tension members 
are conveniently constructed with a group of four iron or steel 
bolts, which may be screwed up as required. 

The use of wedges and counterbraces introduces some am- 
biguity in the determination of the stresses. 

In Fig. 184 the two middle panels should be counterbraced 
by means of rods provided with union screws for putting the 
counterbrace in initial tension, or these may be omitted and 
the diagonals designed for compression as well as tension, which 
may easily be accomplished in an iron or steel bridge, thus 
avoiding any ambiguity in the determination of the stresses. 

The stresses in these trusses might also be found by means 
of reciprocal figures, as illustrated with respect to the truss 
shown in Fig. 174. 



CHAPTER X. 

THE SLOPE AND DEFLECTION OF BEAMS SUPPORTED AT THE ENDS 

BENDING MOMENTS, SHEARING STRESSES SLOPE ; AND DEFLEC- 
TION OF BEAMS FIXED AT ONE OR BOTH ENDS. 

The investigation of the equations of slope and deflection re- 
quires a knowledge of the calculus, but the principles on 
which the investigation is based may be understood without 
such knowledge ; also the result s, which will be found tabulated, 
may be used in connection with the slope and deflection of 
beams as ordinary formulae. 

By referring to Fig. 75, which represents a beam deflected 
under the action of transverse loads, we may proceed as fol- 
lows : — 

Let B = the radius of curvature of the neutral axis of the 

beam. 
a s the strain or elongation per unit of length of the fibre. 
y = the distance of the extreme fibre from the neutral 

axis. 
I = the length, measured along the neutral axis, between 
two planes which are parallel in the undeflected 
beam, but which converge towards the centre of 
curvature in the deflected beam. 
I + al == the increased length due to bending, measured along 
the extreme fibres. 
/ = the intensity of stress at the extreme fibres. 
E = the modulus of elasticity. 
I =s the moment of inertia. 

i = the slope of the beam at any point x from the origin. 
V = the deflection of the beam. 
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Then it has been proved that — 

V 

/ / y 

but a = r= /. i- ^ r^ 

E E B 
bnt in Chapter V. it has been proved that — 

y I y 

1 _ / _M 
•'• R ~ E.y ~ EI 

It is proved in books on the Differential Calculus that — 

1 da? 



In the case of beams the deflection is small, so that the 

value of f T- j is so small that it may be neglected, in which 

case — 

1 d^v M 



E dx^ EI 

If i denote the circular measure of the slope of the beam at 
a distance x from the origin of co-ordinates, since — 

i = tan t = 3- nearly 

dx 

d^ M 
d^^^l 



, dv fM , 



-//i- 



==, . dt^ 



E is a constant for the same material, and I is a constant if 
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the section of the beam is uniform ; M can also be expressed in 
terms of « ; so that the above equations may be written — 

i = — JM.rfflJ, andr = j,-J JM.rfaj^ 

The method of using these equations is illustrated in the 
following examples. 

Case I. — Cantilever loaded at the extremity. 
^^ In this case — 

PE M = - W(c - aj) 






x)dx 



EIV -l) 



When <B = 0, i = 0. .-.0 = 

W 



When i is the slope at a distance x from the origin — 

'=f- = -|/(™-|>=-|:(t-f)-« 

When a? = 0, t? = 0. .-.0 = 

To find the greatest slope and deflection, we have only to 
remember that both equations (1) and (2) reach their maximmn 
value when x = c; hence, denoting the greatest slope and deflec- 
tion by to and Vo respectively, we have — 



Wc^ Wc^ 



^ = — ox^T ; aiid t'o = — 



2EI' **"^^o- 3EI 

ir/ ^^ Case II. — Beam supported at both 

ends and loaded uniformly, the load 
being w per unit of length. 
In this case — 



fc==4 



• , r- 

2 2 2 ^ ^ 



2EIj' ^ 2EIV 2 8 



^) + C 
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When a? = -» / = 0. 

2x 






.-. c = - 



2Ell8 



__ — ^— _ 
8 '24/ 



24EI 



■ 2EIV2 8^~24EI 24EI 



w 



= 24El(2'^ - ** - ^"'^ + ^ 
When a? = 0, » = 0. .-.0 = 

and t? = ^r7ErF(2i«' - «* - P«) 
To find the greatest slope, put a = 0, or a? = Z. 






?rP 



WP 



24EI 24EI 



, where W = wZ 



Z 



For the greatest deflection, put «J = o* 

'"■ ^'' " 24EI Ue / 384EI "" S84EI 

In a similar manner, the greatest slope and deflection may be 
found for any beam loaded in any way whatever. 

In the following table W = irZ = the total load will be 
used : — 

Table XXXIII. 

Table of Maxima Slopes and Defleotioks for Beams of Unifobm Section. 



DewriptioD of beam. 



Fixed at one end and loaded at the other 



Fixed at one end and loaded uniformly 
Supported at both ends and loaded at the centre 
Supported at both ends and loaded nniformly ... 



Ureatest dope. 



Wl« 

2EI 

Wl« 

6EI 
Wl« 

16EI 
Wl« 

24EI 



Greatest deflection. 



Wl» 

SEI 
Wl» 

*8Eli 
Wl» 



48EI 
5W1» 

384EI 
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By referring to the results in the foregoing table, it will be 
seen that both the slope and deflection are proportional to the 
load, bat that the slope is proportional to the square of the 
lengthy while the deflection is proportional to the cube of 
the length. Hence we may express the slope and deflection 
thus — 

. nWP _ wWP 

'•- EI '•" EI 

where n and m have the numerical values given in the fore- 
going table ; thus in the case of a beam supported at both ends 
and loaded uniformly, ^ = ^> ^nd m == ^^. 

It is frequently convenient to express the slope and deflection 
of a beam in terms of the maximum intensity of working stress ; 
thus in the case of a beam supported at both ends and loaded 
imiformly — 

Hence the slope to = 



and the deflection Va = 



3Ey 

5/? 



48Ej^ 

In this case the slope is proportional to the length, while 
the deflection is proportional to the square of the length. 

In a similar manner, the slopes and deflections of the other 
three cases may be expressed in terms of the maximum 
intensity of working stress. Hence we may express % and v^ 
thus — 

io = ^.andro = ^ 

In rectangular beams — 

By substituting these values in the foregoing table, we 
obtain formtdse applicable to rectangular beams ; thus in 
the case of a beam supported at both ends and loaded uni- 
formly — 

WP __5WP 
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If we denote the intensity of stress at the extreme fibre by/, 
we have — 

In a similar manner we may find the value of u and v^ for 
the other three cases — 

Beams of Vniform Strength. — In a beam of uniform strength 
the moment of resistance of any cross-section is proportional to 
the bending moment at that cross-section. 

In Pigs. 187 to 194 we have various forms in which either 
the breadth or the depth is constant, except in Fig. 189, which 
is a beam of similar cross-section. Figs. 187, 188, and 189 



Fio. 187. 



FiO. 188. 



Fig. 189. 



V 








Fig. 100. 



Fig. 191. 



Fiu. 193. 



represent cantilevers of uniform strength when loaded at the 
extremity with a concentrated load; and Figs. 190, 191, and 
192 represent cantilevers loaded with a uniform load. 

Fig. 198 shows the shape of a beam of uniform strength, 




Fig. 193. 



Fig. 194. 



supported at both ends and loaded in the centre when the depth 
is constant. 

Fig. 194 shows a beam when the breadth is constant. 
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Fig. 195 shows the shape of a beam for similar cross- 
section. 

In practice the above forms conid not be carried out, as it is 

necessary to provide for the resist- 
ance to the shearing stresses as 
well as the bending moments ; con- 
sequently they may be modified 
as shown in Figs. 196 and 197, 
where the sectional areas over 
the supports are made in accordance with the shearing stresses. 

In beams of uniform strength the moment of inertia is not 

constant, and the term — contains two variables. 

Xil 





Fro. 1»«. 



In the case of Fig. 187, d is constant, and h varies ; here, if 
fci denote the breadth of any section, fci = fc"-. 

Itb =: bi, and d varies, as in Fig. 188, then rf/^ = cF^, where di 

t 

denotes the depth at any section. If both b and d vary, as in 

Fig. 189— 



In Fig. 187— 



h _bi 
d~di 

2fl 



.•. hi = 



•••/ = 



H 

Wasrf, 



(/. ■■•' ~~ 21 

where di = 2y ; but in rectangular sections — 

6W« 6Wf 



/= 



since /is a constant ,* 



bA' 
, hid^ _x 

" b<p'~T 



Was 



•where b and /* vary. 



., d^- M 

Also — = — — = — - 

dsn^ EI i^E6id,^ 
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If the height is constant and equal to A, then bi = — 

12WZ 






E<P& 



dy 



Integrating this expression, and remembering that ,° ' = when 

oj = Z, we have — 

Av 
dx "~ 



12WZaj 12WP 



Integrating again, and remembering that i; = when a; = Z, we 
have 

6WZ^ 
The maximum deflection is ro = -^rz^, whereas, for a uniform 

Ed^i 

4WP 
cross-section we found x\ = :f^-^7, or the beam of uniform strength 

deflects one and a half times as much as the beam of uniform 

cross-section. 

In a similar manner, it may be proved that the beam of 

8WP 
constant breadth (Fig. 188) deflects v^ = t^ W> or twice as much 

as the beam of uniform cross-section. 

36PP 
Also, for similar cross-section (Fig. 189), we have ro = k^^t 

For any cross-section, using the general formulae — 

to=-^- andr,=-^ 

we have the following values for » and m : — 

Table XXXIV. 

Table of Values fob n and m fob Beams of Unifobh Stbehgth. 



Deflcription of beam. 
Unifonn depth. 



Fixed at one end and loaded at the other 
Fixed at one end and loaded unifonnly 
Supported at both ends and loaded at the oentre 
Supported at both ends and loaded uniformly 



••• 



n. 


m. 


1 


1 
9 


i. 


t 


\ 


\ 


f 


V 


IS 


«4 
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Tabub XXXV. 



ja«r 



Uiii- 



>1xki1 At oae tzA as4 I^aJed st tl>f <«bef . . 
^spported mt both eadi aal k«ded at tbe eeatre ^ 

^ri^f0jtud Ml >n(ik cods aad koJed cni5->rmlT ^. 



2 
i 

4 


f 



of fltif — In this ca-^ we use the formal 



r. = 



Ev 



f denotes the maximam intensity of stress on the weaker side of 
the beam. 

If ft denote the maximam intensity of tensile stress, and^ the 

maximnm intensity of compressive stress, then /= 5-^. 

•J 

fl denote the depth of the beam — 



U 






Ed 



This formula may be applied to wrought-iron or steel girders. 
The values of in are given in the following table : — 

Table XXXYI. 



No, 



Uniform 



1 
2 

4 



7 

H 



GantUeTCT fixed at one end and loaded at the other 
CantileTer fixed at one end and loaded uniformly 
Beam supported at both enda and loaded in the centre 
Beam supported at both enda and loaded unifonnly 

Uniform Strength and Depth. 
Under either of the oonditiona Nos. 1 to 4 

Uniform Strength and Breadth, 

Can ti lever fixed at one end and loaded at the other .. 
Cantilever fixed at one end and loaded uniformly 
Beam supported at both ends and loaded at the centre 
Beam supported at both ends and loaded uniformly .. 



1 
•t 

48 



Jl. 
8 



1 

X 

-1I26 



In beams of nniform cross-section the formnlaB given may 
be used to calculate the deflection either under a known intensity 
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of stress or under a known load ; bat the formulsB given for 
beams of uniform strength, if used to calculate the deflection of 
beams which have been designed in the ordinary way with suffi- 
cient material at the ends to resist the ma&imum shearing stress, 
and the moment of resistance of the flanges made as far as 
practicable proportional to the bending moments, will give 
results which are in excess of those obtained by experiment. In 
plate, web, and lattice girder bridges the breadth is uniform, and 
the moments of resistance of the cross-section are made as far as 
practicable proportional to the bending moments. The deflection 
in these girders is assumed to be produced by the elongation and 
compression of the flanges, as the effect of the web in resisting 
deflection is so small that it may be neglected without causing 
appreciable error. The deflection may be calculated by assuming 
that the girder is of uniform strength and breadth, using the 
formula — 

0-1426(/, +/c)P 

where ft = the maximum intensity of tensile stress. 

/i = „ „ compressive stress. 

I = the span. 
il = the depth. 
E = the modulus of elasticity. 

This formula will also give results in excess of those obtained 
from experiment for the reasons already explained. 

The camber of a girder may be calculated from this formula, 
which will always ensure that the girder will never be deflected 
quite to the horizontal line, and an allowance should be made of 
about 25 per cent, more than the calculated maximum deflection. 

The deflection of girders is usually allowed to be from yg^oti 
to 2:^^o of the span, according to circumstances. 

The following examples of the deflection of railway bridges 
under a known intensity of flange stress are given to show how 
far the formula agrees with experiment. The loads consisted of 
locomotive engines, and the deflections were measured with 
multiplying levers. 

The test load is expressed in terms of tons per foot 
run, and it was arrived at by calculating the actual bending 
moments produced by the engine or engines standing on the 
bridge, the loads on the driving-wheels and the distance between 
centres being known. 
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The bridges were carefully measured and calculated in order 
to determine/^ and/c.* 

The modulus of elasticity in a riveted girder will depend 
upon the number of joints, and the degree of tightness of the 
rivets, as well as the material. Experiments made by Sir B. 
Baker, M.Inst.G.E., on small riveted girders show that the 
rivets behaved as clamps for ordinary working stresses^ the 
deflections being practically the same as if the girders were 
rolled in one piece. 

In a plate web girder bridge, however, it will generally happen 
that the modulus is 20 per cent, less than the material of the 
girder. 

For iron E varies from 10,000 to 12,000 tons per square 
inch. 

For mild steel E varies from 11,000 to 13,500 tons per 
square inch. 

For a riveted iron girder, from 8000 to 9500 tons per square 
inch. 

Example I. — A plate web-girder bridge, single web. 

Effective span 60 feet 

4-7 
... 0*76 tons per foot rua. 

... X «JU fy ff 

• • • V aKK) 9f If 

Mftximum intensity of stress in tension flange ... 6*75 tons per square inch. 

» »> „ compression flange 4'30 „ », 

Mean intensity of stress in flanges ... ... 5-535 „ „ 

>• » due to test load ... 3*67 „ „ 

In these girders E will be taken as 9000 tons per square 
inch. 

0-1426 X 3-67 X 60 X 60 
*' = 9000xT7 ^ 0-0446 feet = 0-534 inches 

The average deflection obtained on six bridges by taking the 
mean of the right and left hand gii-der was 0*472 inches. The 
maximum deflection obtained was 0-613 inches. 

On thirty-three spans, not differing much from the above 
example in design, but slightly better in workmanship, agreeing 
in loads and dimensions, the average deflection was 0-439 inches, 
and the maximum was 0-616 inches. 

Example II.— A plate web girder, single web. 

Report of Railway Bridges Inquiry Commission," New Sonth Wales. 1886. 



„ depth 
Dead load... 

Test load 

Ratio of test to total load 



61 feet 


6 „ 


0*64 toDB per foot run. 


1-50 „ 


0-7 


4*42 tons per sqnare inch. 


3-50 „ 


3-46 „ 
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Effective span 

«f Qepui ■•• .•• ... .. 

Dead load •.. ... ... ... ,. 

X 08 w xOCUX ••■ ■.• ... ... «.< 

Ratio of test to total load 

Maximum intensity of stress in tension flange ... 

„ „ „ compression flange 3*50 

Mean intensity of stress in flanges 

», „ due to test load ... 2*42 ,, „ 

E is taken at 9000 tons, although the girders were much 
better designed. 

0-1426 X 2-42 X 61 X 61 ^ . . 

/• = -rrrz — ^ = 0-0238 feet = 0'286 inches 

9000 X 6 

The average observed deflection was 0*288 inches. 
EoBainple III. — A lattice girder bridge ; double lattice webs, 
trough-shaped booms. 

Effective span ... ... ... ... 156 feet. 

j9 depui ... ... ••* ... 1a jy 

Dead load ... ... ... ... ... 1*2 tons per foot run. 

xeSw loao ... ... ..• ... ... 14 ^^ .. 

Ratio of test to total load ... ••• ... 0*54 „ „ 

Maximum intensity of stress in tension boom ... 4*37 tons per square inch. 

„ „ „ compression boom 3*72 „ „ 

Mean intensity of stress in flanges ... ... 4'045 „ ,, 



„ „ due to test load ... 2-18 „ „ 



E will be taken at 8000 tons in this case. 
0-1426 X 2-18 X 156 x 156 



V = 



8000 X 12 



= 0-0788 feet = 0*945 inches 



The observed deflection with three engines on the bridge, 
equivalent to 1*4 tons per foot run, was 0*88 inches, and with the 
same engines moving at about 40 miles an hour the deflection 
was one inch. 

In a girder bridge similar in every respect to the above, 
but with fewer loose rivets and slightly better workmanship, the 
deflection obtained with the stationary load was 0*82 inches, 
and with the moving load at 40 miles an hour, 0*90 inches. 

Beams fixed at the Ends. — A beam is said to be fixed when 
its ends are loaded in such a manner as to make the tangents at 
points of support horizontal. The fixing may be effected by 
buHding the ends of the beam into a wall (Fig. 198), or by 
loading the ends as shown in Fig. 199. 
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FlO. 198. 



When a beam is fixed by either of the above methods there 
is a downward deflection dae to the load, and an upward 
deflection due to the fixing; hence it follows that there will 

be two points, b and c, 
where the downward deflec- 
tion changes to an upward 
deflection ; these points are 
termed '^points of inflexion" 
or of " contra-flexure." The 
portions from a to b and 
from c to d act as canti- 
levers, while the portion 
from b io c acts as a beam 
supported at b and c and 
loaded as shown. The upward deflection caused by the upward 
bending moment is imiform from a to d. Since the tangents at 
a and d are horizontal, it follows that the upward slopes at 
these points, due to the upward bending moment, must be equal 
to the downward slope due to the load upon the beam. 

Case /. — A beam of uniform section, fixed at both ends and 
loaded in the centre (Fig. 198). 

In the case of a beam supported at both ends, it has been 
shown that the slope at a and d is — 

WP 







16EI 



If M denote the upward bending moment, which is uniform 
from a to cZ, the slope at a and d produced by it may be proved 
to be — 

m ' 









la 


" 2EI 












» i = 


EI ^^ = 


E[+^ 










.-. t = 


when x = 


I 










.-. c = 


m 

2 EI 












.-. < = 


Mx Ml 
EI 2EI 


M/ 
= ElV" - 


i) 


The 


slope at 


a and (2 


is found 


by putting 


a; = 0, ora! = /; 



•••^=-: 



MZ 



2EI 
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and since ii + H = — 



16EI 2EI "" 



/. M = - 



m 

8 



which is the bending moment at either a or d. 

If Ml denote the downward bending moment at any point 
distant x from a or A^ the total bending moment M2 at x will 
be— 

M + Ml = Ma 

/. Ma = ^ - 



8 



I 



When <); = -> we obtain the central bending moment^ which we 

will denote by M3. 

,, WZ WZ WZ 

'488 

Hence M = — M3, and the bending moments may be repre- 
sented graphically as in Fig. 200. 




Fio. aoo. 






1 1 

1 









vrl Fio. aoi. 



To find the points of contra-flexure^ we observe that the 
bending moments most be zero at these points ; hence Ma = 0, 

Wflj WZ ^ ^ I 
.'. -- — -— = 0, and flj = - 

2 8 4 



This is also clear from the above diagrams, Figs. 200 and 



201. 
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Slope and Defleetioi under Given Load. 

fM 1 r/W« WK _Wa!' Wte 

• = jEl''* = ElJl"2~"Tr'*~4El"8Ei 

When a; = 0, i = 0. .-. <• = 

W /2af» Jfl! 



+ C 



r = < 



-¥) + « 



8EIV 3 
and t? = when a? = 0, /. C = 

9 / 



•"• '' "■ 8EI V 



3 



The maxunum slope occnrs at the points of contra-flexnre, where 

X = - ; the maxunum deflection when a: = - ; 
4 -a 

. WP 






64EI 
192EI 



Let /■ denote the maximum intensity of working stress, and 
W the central breaking load, then— 

• / — — — • *•« = 



my* 24Et/ 

Case 17. — Beam of uniform section, fixed at the ends and 
loaded with a uniformly distributed load. 

Proceeding in the same manner as before, we obtain 
the downward slope at the ends, considering the beam as 
supported — 

• - _ WP 
'' " 24EI 

The upward slope at the ends due to the uniform bending 
moment M is — 

'' "" " 2EI 
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Therefore, since the slope at the ends must be zero — 

ii + {2 = 



24EI 2EI 



= ; and M = - 



12 



Wf 



The bending moment at the supports is therefore — — ; the 

12 

downward bending moment at any point distant x from the 

origin is — 

W 

the total bending moment wiU therefore be — 

M, = Mi + M = 2(te-aj^-^ 

This is a maximum when x = 0, hence the greatest value of 

WZ 
the bending moment is — . 

The bending moment at the centre is found by putting 
I 

^ = 2- 



M, 



"■ 2Z 1 2 4 / 12 "■ 



WZ WZ 
12 



2ZV2 4/ 12 24 

The bending moments may be represented graphically as in 
Fig. 202. 




Fxo. 202. 



FiO. 203. 



To find the points of contra-flexure, we have — 



M 



Tl 
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which may be written — 

which is represented in Fig. 202. 

The diagram of shearing stress is shown in Fig. 208. 
Slope and Deflection. 



■■ = /: 



S'^ = 12Tei(*"'' - 2^ - ^*) 



the constant Tanishing when t == and a; = 0. 

''=i^ir-2--2i 

the constant vanishing when r = and a; = 0. 

Hence for the maximum slope and deflection we have, for 

slope putting x = -( 1 + -7=Y and for deflection putting x = - — 

In = — 



72V3EI 

The slope and deflection under the maximum intensity of 
working stress, denoted by/, may be found thus — 

Wi_/I . ^ _ _ 12f I 

12- y ' Dl 

ft 



.'.to — "■ 



Vo= - 



32E1 



Case III. — Beam of uniform section supported at one end 
and fixed at the other, and loaded in the centre. 

This case may be investigated in a similar manner to Cases 
I. and II. The results are recorded in Figs. 204, 205, and 206. 

The deflection at the centre is — 



0-0091WP 
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16 






The maximum deflection is — 



rn = 



0-0093WP 
EI 



Case IV. — Beam of uniform section supported at one end and 
fixed at the other, and loaded uniformly with a distributed load. 
The results of this case are recorded in Figs. 207 and 208. 

0-0054WP 



rn = 



EI 




FlO. 201. 



Fia. 205. 



J^ Fia. 20«. 



Summary of Besults. — For beams fixed at both ends and 

loaded at the centre the strength is twice as great, and the 

stiffness four times as 

great, as the same beam 

merely supported at the 

ends. 

For beams fixed at both 

ends and loaded with a 

uniformly distributed load 

the strength is one and a 

half times as great, and 

the stiffness five times as 

great, as when merely sup- 
ported at the ends. 

The shearing stresses are not affected by fixing in either of 

the above cases. 

For beams fixed at one end and supported at the other: 

For a central load the 

strength is increased one 

and a third times, and the 

stiffness 2*23 times, over 
that of a beam supported 
at both ends. 

The shearing stress is 
increased at the fixed end 
and diminished at the sup- 
ported end. For a distributed load the strength is not in- 
creased by fixing one end, but the stiffness is increased 2*89 
times. The shearing stress is increased at the fixed and 
diminished at the supported end. 

It is not correct to build in the ends of cast-iron beams in 
order to fix them, as the smaller flange is put in tension at the 



-» 




Flo. 207. 



sETFio. 200. 



I 
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fixed points. Wrought-iron beams^ whether built or rolled, may 
be fixed by supporting them on a bed-stone, and putting a 
similar stone on the top flange to discharge the weight of the 
wall on the ends of the beam. 

Timber beams should not be built into walls in order to fix 
them, as dry rot is almost certain to occur from the want of 
proper ventilation. 

The cross-girders of box web-girder bridges may be riveted 
to the main girders at the ends in such a manner as to fix 
them, in which case they should be designed as fixed beams. 

The fixing tends to cant the main girders inwards, and the 
advantage of fixing is doubtful. 



CHAPTER XI. 

CONTINUOUS GIRDERS AND THEIR APPLICATION IN ROAD AND RAIL- 
WAY BRIDGES — BRESSUMMER BEAMS AND WAREHOUSE FLOORS. 

A GIRDER supported at each end and at one or more inter- 
mediate piers is said to be continuous over these piers. In the 
case of a girder of 150 feet span^ supported at each end and at 
two intermediate piers spaced 50 feet centres^ the girder is said 
to be continuous over two piers in spans of 50 feet. 

The complete investigation of the stresses in continuous 
girders, and the slopes and deflections, will not be attempted in 
this work, but the results of these investigations will be made 
use of sufficiently to illustrate the methods of designing 
continuous girders for various purposes. 

Two cases will be considered — 

1. When the load on any span is uniformly distributed over 
that span. 

2. When the loads are concentrated at one or more points in 
a span. 

A third case might occur with both distributed and con- 
centrated loads, but this could obviously be treated by combin- 
ing the results of each loading considered separately. 

The assumptions made in the various examples considered 
in this chapter are — 

1. That all the supports are on the same level or on the 
same uniform gradient. 

2. That the girder is uniform in section throughout its 
length. 

With regard to the second assumption, which is never 
realized in bridges, in which the material is disposed in 
accordance with the variations in the stresses, the errors in the 
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stresses need not lead to errors in the design of the varioas 
members of any practical importance. 

Let Mo, Ml, Ma, and M3, Fig. 210, denote the bending moments 
at the points of support A, B, G, and D respectively. 

Let Zi, 2], and ^ be the lengths of the spans, and t^i, 11^, and 
Wz denote the loads per lineal foot. 

Then, on the assumptions stated, it can be proved that — 

MoZi + 2Mi(/i + W + Maia + i(«-2y + ic^l^ = 

This equation expresses the relation between the bending 
moments at any three consecutive piers ; it is known as the 
equation of three moments, and was first demonstrated by 
Clapeyron. 

The moments Mi and Ma in Fig. 210 tend to bend the 
girders upwards ; thus in Fig. 209, which shows a continuous 
girder of three spans, the deflection over the piers B and C is 
upwards, and the diagram of upward bending moments is 
represented by the figure A&cD, Fig. 210. The bending moments 
over the points A and D are zero. 
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Beside the upward bending moments, which attain their 
maximum value for adjacent spans at the points B and C, there 
are downward bending moments between the supports, which act 
in precisely the same manner as in ordinary beams supported 
at AB, BG, and GD. The resultant bending moment at any 
point is the difference between the upward and downward 
bending moments at that point. 
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Let the curves described upon A£, BG, and CD denote the 
bending moments over these spans respectively considered as 
detached beams. In the case of imiform loading these curves 
are parabolas^ and since the upward bending moments are 
denoted by the figure KhcD, the shaded areas represent the 
resultant bending moment ; thus the bending moment at the 
point y is denoted by the ordinate ef. 

At the points gy h, j, and k, corresponding with the points 
»b o^y ^ and x^ on the girder, the bending moment is zero, 
or the upward bending moment is exactly balanced by the down- 
ward bending moment. The points Xi, X2, x^, and 0^4 are termed 
points of infection or contra-flexure. The portion of the span 
AB between A and Xi is subjected to the same bending moments 
as an ordinary girder supported at A and o^i and loaded with 
the same load per foot run as that on the span AB. The 
portions between 0^ and x^ in the span BG, also between X4, and 
D in the span CD, are similarly subjected to the same bending 
moments as in ordinary beams supported at points correspond- 
ing with the points of contra-flexure, X2, x^, and Xi, and loaded 
with the same load per foot rim as that on the spans BG and GD 
respectively. 

The portions a?iB, Ba^, x^C, and Cx^ act as cantilevers, each 
loaded with a uniform load corresponding with that on the 
particular span in which the portion referred to occurs, in 
addition to a load at their extremities corresponding with the 
reactions at x^ ^, X3, and x^ considered as ordinary detached 
girders supported at Ao^i, o^sa^, and xj) respectively. 

The shearing stresses may therefore be derived by consider- 
ing the whole girder between A and D as made up of detached 
girders and cantilevers in the manner described, thus: The 
shearing stresses q, q, u, and u are each half the load on the spans 
Ao?! and X4P ; the portions rr are the shearing stresses at a^ and 
X3, and are equal to half the load on the portion o^o^. 

The shearing stresses on the girder are represented by the 
diagram, Fig. 211. 

The pressures on the supports A and D are equal to the 
shearing stresses at these points, and the pressures at B and G 
to the sum of the shearing stresses from the adjacent spans ; 
thus at B the pressure is a +v. 

The method of calculating the stresses in continuous girders 
may be summarized as follows : — 



1 68 Engineering CoTtsiruction. 

1. Find the bending moments over the piers, and draw the 
diagram of upward bending moments AbcD, Fig. 210. 

2. Draw the diagram of downward bending moments on the 
same datum line, AD, Fig. 210, and on the same side of it as the 
diagram of upward bending moments ; then find the points of 
contra-flexnre and the resultant bending moments in each span. 

8. Draw the shearing-stress diagrams for each span. Fig. 
211, and obtain the pressures on the piers. 

When the bending moments over the piers are obtained, the 
equations of bending moments and shearing stresses for each 
span can be easily written down and the results tabulated. 

Example. — A railway bridge for a single line is constructed 
with two main girders, each 480 feet long, continuous over two 
piers, forming three spans each 159 feet centres. 

The effective depth measured between the centres of gravity 
of the top and bottom chords, or booms, is 12 feet. 

The dead load on each main girder is 0*6 ton per foot run. 

The equivalent uniformly distributed load is 0'7 ton per 
foot run. 

The total load on a span is therefore 1*8 ton per foot run. 

In the equation of three moments Zi = 2] = ^ a^nd Mo = 

M4=:0. 

Case L — The first span loaded with the live and dead load 
(wi = 1*3), the remaining spans loaded with the dead load only 
(W2 = trs=0-6). 

The substituting in the three-moment equation, we obtain — 

2Mi(20 + MjZ = - iiivj^^ + ir,V* 
Mi(Z) + 2M2(2Z) = - iiwj^^ + ivJ^^S 



/. 16Mi + 4M2 = - 0-6 X 159' - 1-3 X 159' = - 159'(l-9) 
4Mi + I6M2 = - 2 X 0-6 xT59' = - i59'(l-2) 
.-. M, = - 2696-64 foot-tons 
and Ma = 1222 foot-tons 

The equation of bending moments for the first span is — 

y = 0'65(159« - a?*) - 16-96aj 

To find the point of contra-flexure, let y = 0, then x =182-9 
feet; hence the point of contra-flexure is 26*1 feet from the 
first pier. 

The equation of bending moments in the middle span is — 

y = 0-3(159aj -oj') - 1222 - 9-27a; 



Continuous Girders. 



169 



"When y — 0,x = 89-55 and 58-65 feet ; hence the points of 
contra-flexnre oocor 89-55 feet from the first pier, and 58-65 
feet from the second pier. 

It will not be necessary to consider the third span, as, when 
the live load approaches bam the right instead of the left, the 
stresses will be the same as in the first span already considered, 
which will exceed considerably the stresses due to the dead load 
only on this span. 

Shearing Streiaoi. 

132*9 X 1*3 
First span at abntment = = 86-38 tons. 



„ „ first pi 

Second span at first pi 

„ „ second pi 



■38 + 26-1 X 1-8 = 120-31 tons. 
ier = 95-85 x 0-6 = 57-5 tons. 
64 X 0-6 = 65-38 tons. 

The diagram of bending moments and shearing stresses is 
Bhown in Figs. 212 and 213. 

If the lire load had extended from the middle of the first 




span to the middle of the second span, the moment over the first 
pier would have been about Ijt per cent, greater than that fonnd 
in Case I., bat partially distributed live loads will not be con- 
sidered. If the train approaches from the right headed by two 
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engines, the whole bridge may be covered with the Uve load ; 
this may be taken as uniform throughout. 

CoMc 71.— Three spans loaded with 1-3 ton per foot run. 

The three-moment equation becomes — 

2Mi(2Z) +M2/= -i(2u'iP) 
.-. 8Mi + 2Ma = - «iP> 
also 8M2 + 2M, = - Kf\ 

hence M. = M. = - 'f^ = - ''^ ^^""^ = - 3286-5 foot-tons 

The equation of bending moments for the first and third 
spans becomes — 

y = 0-65(159aj - a^) -20-67aJ 

where x = the distance from the left and right abutment. 

If y = 0, 05 = 127-2 feet 
The equation of bending moments in the middle span is— 

y = - 3286-5 + 0-65(159aj - x^ 

from which we find, by making y = 0, « = 115 and 44 feet ; 
hence the points of contra-flexure occur 44 feet from each pier. 
Shearing Stresses. 

127-2 X 1-3 
First and third spans over abutments = ^ = 82' 68 tons. 

over piers = 95*4 x 1*3 = 124-02 „ 
Middle span over piers = = 103*35 tons. 

Comparing Gases I. and II., we observe that the shearing 
stresses and bending moments overthe piers is greater in Case II., 
while the bending moments between the left abutment and point 
of contra-flexure is greater in Case I. 

Case IIL — First and second spans loaded with 1-3 ton per 
foot run ; third span loaded with 06 ton per foot run. 

Here 8M1 + 2M2 = - w,P ) ^ 

I6M3 + 4M, = - {ivJP + wj^r^^""^ ^'^ = ""^ 

.-. M, = - (7«i - w^~ = - (9-1 + 0-6)^^^ = - 8581-8 foot-tons 

M2 = - 2106-7 foot-tons 
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Equation to first span is — 

y = 0-65(1590? - aj2) - 22-52a; 

therefore the point of contra-flexure is a? = 124*35. 
Equation to second span is — 

y =0-65(159aj -a;^) - 2106-7 - 9-27aJ 

therefore the points of contra-flexure occur at 42*65 feet from 
the first pier, and 28-85 feet from the second pier. 

GoBe IV. — First and third spans loaded with 0*6 ton per foot 
run ; middle span loaded with 1*3 ton per foot run. 

Here I6M1 + 4M2 = - (a\iP + wj") ^ 
16Ma + 4Mi = - {wj;' + WiP)S 
.-. Ml = Ma = - 2401-7 foot-tons 

Only the middle span need be considered for this case, the 
equation of which is — 

y =0-65(159aj -«?")- 2401-7 

therefore the points of contra-flexure occur at 28*27 feet from the 
piers. 

The shearing stress over the piers for the middle span is the 
same as in Case II. 

Case V. — First and third spans loaded with 1*3 ton per foot 
run ; middle span loaded with 0*6 ton per foot run. 

Here Mi = Ma, as in Case IV., viz. 2401*7 foot-tons. 

Equation of first and third spans is — 

y = 0*65(159iK - x^ -'l5*105aj 

therefore the points of contra-flexure occut bA x = 185*76 feet 
from either abutment. 

The shearing stresses are less than in the cases already 
considered. 

Comparing the foregoing cases, we see that the maximum 
bending moment for the first and third spans between the point 
of contra-flexure and the abutments occurs for the loading con- 
sidered under Case Y., which gives the longest effective span. 

The maximum moment over the piers and in the cantilever 
portions occurs for the loading considered in Case III. The 
middle span is subjected to greatest bending moment about the 
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centre in Case IV., and in the cantilever portions in Gases I.^ 
IIL, and V. 

The maximum shearing stresses in the side spans occur in 
Cases III. and V., and in the middle span in Cases III. and IV. 

The diagram of shearing stresses for a moving load vdll be 
semi-parabolas between the abutments and points of contra- 
flexure in the first and third spans^ and straight lines tangential 
to the parabolas for the cantilever portions. In the central 
span the shearing stresses in the portion between the two points 
of contra-flexure will be represented by parabolas and the two 
cantilevers on each side by straight lines. 

The diagram of maxima bending moments is shown in Fig. 




Fig. 214. 



214. The moments of resistance of the flange plates provided 
to resist them may be plotted as in Pig. 173, Chapter VIII. 

The diagram of maxima shearing stresses is shown in Fig. 
215. 

It will be observed that the points of contra-flexure are con- 
tinually changing during the passage of the live load, hence the 
working stress must be taken much lower about the region 
of the points of contra-flexure, and the diagonal members of the 
web must be counterbraced for reversals of stress, or designed 
for compression as well as tension. 

Concentrated Loads. — The equation of three moments for 
concentrated loads, for the case when all the supports are on 
the same level or on the same uniform gradient, and the section 
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of the girder is uniform throughout its length, may be expressed 
as follows : — 

-where — 






The use of this equation will be illustrated in the following 
example. 

A bresBummer beam of two spans, continuous over one sup- 
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port, carries a shop-front and portions of the floors above. The 
whole of the load is applied to the beam through masonry piers 
built upon the upper flange. The magnitudes and points of 
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application of these loads are illustrated in Figs. 216 and 217* 
In this case Mi = M3 = 0, and the equation becomes — 
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:. 7-7M, + 502-5 + 6ia-l + 51-08 + 74-94 + 223-1 = 
.-. 7-7Mj = - 918-67 

•■. Mj = - 118-6 foot-toDB 

The diagram of bending moments AhcdB and hfgC, for tbe 
spans AB and BC considered as detached girders, shoald be 
plotted to a sufficiently large scale, as veil as the diagram of 
upward bending moments APG, and their intersectionB noted, 
from which the points of coatra-fiexure ar, and x, are obtained, 
8*7 feet &om B in the first span, and 1-6 foot from B in the 
second span. 

Tbe shearing-stress diagram is drawn by considering Ax, 
and Gxj as detached spans. The cantilever XiB is loaded at its 



extremity with the shearing stress at a; ; it is also loaded with 
11-5 tons concentrated at a point 1-6 foot from B. The canti- 
lever Ba;^ is loaded at its extremity with 65-4 tons. 

The diagrams of bending moments and shearing stresses are 
illnstrated in Figs. 217 and 218. 
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The load upon the central support is — 

65-4 + 38-1 = 103-5 tons 

The maximum bending moment occurs at B, viz. 118*6 foot- 
tons. 

The beam is constructed of two Dorman rolled steel girders 
12 inches deep, with flanges 6 inches x 1 inch, and webs % inch 
thick. The flanges are connected together on the top by means 
of a plate running the whole length. The web is stiffened by 
means of channel steel stiffeners. The working stress is 9 tons 
per square inch, the tensile strength of the steel being 32 tons 
per square inch. 

In consequence of the change in the position of the points of 
contra-flexure during the passage of a rolling load, the shearing 
stresses cannot be accurately determined without considerable 
labour. 

In the first example, when the uniform live load of 0*7 ton 
per foot run advances from one abutment and gradually covers 
the three spans, the point of contra-flexure in the first span 
moves through a distance of 135*8 — 124*8 = 11*5 feet. 

If we draw the diagrams of shearing stresses for the extreme 
positions of the point of contra-flexure, we see that the nearer 
the point is to the pier the smaller the stress on the pier and 
the greater the stress on the abutment, so that if we use the 
point nearer the pier for determining the shearing stresses on 
the half of the effective span nearest the abutment, and the 
point farther from the pier for determining the shearing stresses 
for the remainder of the effective span and cantilever portions, 
we shall obtain stresses which do not differ much iiom the 
true maxima. We can deal with the central span in a similar 
manner. If the girder is of the lattice type, we first find the 
extreme positions of the points of contra-flexure, then apply the 
methods 'explained in Chapter YIII. 

Concentrated rolling loads may be dealt with by calculating 
the bending moments and shearing stresses for various positions 
of the wheel loads in the manner illustrated in the foregoing 
example of the bressummer beam. The positions of the wheel 
loads which produce maxima stresses could, of course, be 
found if the points of contra-flexure are known; but this 
is not the most convenient method, excepting in the case of a 
traction engine with only two axles, as shown in Figs. 323 and 324. 
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In this case the points of contra-flexure for the dead load will 
not be moved very much with the traction engine in any 
position, so that, if we make two calculations for the extreme 
positions of the point of contra-flexure, we generally cover the 
maxima stresses in this case also. 

Economy of the Continuoas Oirder. — In a three-span bridge 
of the best proportions, t.e. in which the effective spans are 
about equal in length under the loads which produce maxima 
stresses, or in which the side spans are about four-fifths of the 
central span, the economy of material due to continuity is about 
50 per cent, for the dead load, and 16 per cent, for the live load, 
over three independent spans ; hence the advantage of con- 
tinuous girder road bridges where the dead load is considerable. 
This advantage wiU vanish if the piers settle unequally. 

Keohanical fixing of the Points of Contra-flexure and Canti- 
lever Bridges. — ^We have seen that the points of contra-flexure 
are continually changing in position during the passage of the 
live load, and that in a bridge of three spans there will generally 
be four points of contra-flexure, viz. two in the central span 
and one in each of the side spans. The points of contra- 
flexure may be fixed mechanically by uniting the girder at the 
proposed points by some form of hinged connection. The two 
points may be fixed either in the central or side spans, but not 
in both, or the stability of the bridge will be destroyed. The 
fixing of the points of contra-flexure for any span considerably 
simplifies the calculations for that span. 

In the Kentucky bridge. United States, America, which con- 
sists of three equal spans, each 375 feet long, there is a hinge 
in each of the side spans, situated at a distance of 75 feet from 
the pier, thus reducing the effective length of the side spans to 
300 feet. If the two hinges are located in the centre span, we 
have a form of the cantilever bridge in which the central span 
consists of two cantilevers projecting from the piers; with an 
independent girder resting upon their extremities and complet- 
ing the span. The side spans in this case should be sufficiently 
long to balance the central span under all conditions of loading, 
otherwise the extremities must be anchored down. 

The Ploughkeepsie bridge over the Hudson River, United 
States, America, consists of cantilever and rigid spans of 
almost equal length arranged alternately, so that there is no 
necessity for anchorages, as the rigid span balances the canti- 
levers on each side of it. 
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In the more usual form of cantilever bridge the cantilevers 
projecting from each side are generally of equal length, so that 
they balance each other for the dead load; the independent 
girder rests on the extremities of the cantilevers as before, while 
the extremities of the side cantilevers must be anchored down to 
balance the central portion under all conditions of loading. 

The ratio of the length of the independent girder to that 
of the cantilevers varies in different bridges. Examples of this 
type occur in the bridges over the St. John's, Niagara, and the 
Frazer rivers, and also the Red Rock Cantilever Bridge, United 
States, America. 

The celebrated bridge over the Forth consists of two canti- 
lever spans, each 1700 feet long; the cantilevers project 680 
feet on each side of the piers, with a maximum depth of 843 
feet ; the independent central girders are each 840 feet span. 
The Forth Bridge has been fully illustrated in the various 
engineering journals, and its detailed description will not be 
attempted here. It is in every respect the greatest constructional 
achievement in the world. 

The cantilever bridge is one of the most economical types 

for long spans. The calculations may be made by first con- 

'sidering the independent girder, the reactions of which upon the 

extremities of the cantilevers must be combined with the panel 

loads of the cantilever. 

It will be generally most convenient to consider each panel, 
proceeding from the extremity of the cantilevers step by step to 
the pier. Owing to the varying depth, the panel loads due to 
the weight of the panels are not equal. 

Cantilever bridges possess the advantage of being easily 
erected by building outwards from the piers, and are especially 
applicable for long spans over deep gorges or rivers, where 
ordinary scaffolding would be too expensive or subject to great 
risks. Cantilever bridges should not generally be less than 
500 feet span. 
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STBENOTH OF COLUMNS. 



Short ColumBs. — Fig. 219 represents a rectangular prism sub- 
jeoted to compressive stress between the flat plates of a testing- 
machine. If the compressive force is applied along the axis of 
the prism, and if P denote the total load, A the area of the 
prism, and p the intensity of stress, then — 

P 

A=^^ 

The stress pi is uniformly distributed over the area of the 
section. 

If the load is applied at some point other than the centre of 

gravity of the section, such as C, Fig. 219, 
we may conceive two opposite forces ap- 
plied along the axis AB equal to p ; then 
we have a uniform compressive stress 
over the area of the column — 

P 
^^ = A 
also a couple, the moment of which is — 

M = P2/ 

The maximum compressive stress p2 due to the couple Pj/ 
will occur at E, and will be — 

Vya 

where a = BE, and I is the moment of inertia of the cross 
section of the prism. 
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If r denote the radius of gyration, then — 



i'2 = 






Hence the maximum intensity of compressive stress at E is — 

P 
A 



-K'H-?) 



Long Columns. — ^In a long column the ratio of length to the 
least radius of gyration may be sufficient to cause the column to 
fail by lateral flexure rather than by direct crushing, in which 
case we have a compound stress somewhat similar 
to that existing in the short columns with eccentric 
loading. The tendency to lateral flexure in a long 
column may be increased by the eccentricity of 
the loading caused by the direction of the load 
not coinciding with the true axis of the column. 
The strength of long columns has been investi- 
gated mathematically by Euler and Bankine, 
Professor E. Smith, Mr. ClaxtonFidler, and others, 
and experimentally by Hodgkinson, Christie, and 
at the Watertown Arsenal, United States, America. 

Euler's Formnlffi for Colnnms. — Euler's theory of 
the strength of columns may be stated as follows : — 

Fig. 220 represents a column fixed in direction at one end 
only, which bends as shown in the figure. 

If the column fails by direct crushing, then — 

Pi=/A 
If by flexure, then it can be proved that — 

P2 = -^P (1) 




FlO. 220. 



' Let p = radios of curvature, M = bending moment at sc^, then — 

l^M^^Py 1_ ^ 



dx' 
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Then, according to Euler, the actual breaking strength will be 
the smaller of the two values given for Pi and P2 in the foregoing 
equations. 

If the column is rounded or hinged at each end ( Fig. 221> , 
then — 

P, = p El (2) 

(here length = 20. 

If the column is fixed at each end (Figs. 222 and 223), either 
by building in or by means of flat ends — 

P2=-pEI (3) 

I 

(here length = - in (1)). 

4 

These formulae are strictly true only when applied to an ideal 
column consisting of uniformly elastic material in which the 
axis of the straight column coincides with the line of pressure of 
the load. Professor Smith and Mr. Claxton Fidler ^ have, how- 
ever, pointed out that these conditions cannot be realized in 

and since for y = a, / = 0; .". C = - ,o« 

ox EI 

} 'Ja'-y' j V EI 
and since when x = 0, y = ; .'. C = 

When y = a, we have x=il. 

Hence ? = x / — .1 
2 V EI 



- » dx 



ir« 



andP= - .E[ 

» Professor B. H. Smith in Engineering, October 14, 1887; Mr. Claxton Fidler^ 
Min. Proo, Imt, C.E,, vol. Ixxxvi. 
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practice, as there is nearly always some eccentricity due to im- 
perfections of workmanship, want of uniformity in the modulus 
of elasticity throughout the column, journal friction, occurring 





Fig. 221. 



Fig. 222. 



Fig. 223. 



for instance in connecting and eccentric rods. The strength of 
columns is therefore more a matter of probability than of exact 
theory. 

In the case of a column hinged at each end> P = ^EI, and, 

dividing by the area, we have— 

P _r^ 
^ area p 

where r denotes the radius of gyration. If we plot the 
curve represented by this equation, using - for abscissae, and /o 

for ordinates, we obtain BHG (Fig. 224), which represents the 
higher limit of strength. 




FlO. 224. 



The straight line ABE represents the constant value of /, 
the ultimate crushing strength. 6H denotes the stress due to 
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the direct load ; HE, the stress due to the ultimate deflection or 
bending moment. 

In the case of a girder-shaped stmt, such as would be used aa 
a compression member in a bridge, Mr. Claxton Fidler points out 
that if the ends are rounded, the eccentricity due to the varia- 
tion in the modulus may be treated in the following manner : — 

1 
Let fi = the specific compression in the mner flange = v, 

«a= » „ „ „ outer „ =j, 

£ = average compression = - 

i = the central deflection due to load P. 

y = the distance from the neutral axis to the extreme 
fibre. 

= the eccentricity. 

r = the radius of gyration = half the depth in a girder- 
shaped strut. 

P 
^ = ^ = direct load in pounds per square inch. 

Then e = r"-^ 

and it can be proved that — 

irr ti — €-2 p Ow p 



8 = 



2 ' €i + t2 * /o - 1^ 2 ' /» - i' 



Since M = Pg = ^^'^ = -^'^^'^ 

. , . _ TT ^ £l - fa P" 

• • T /i — o • ,. • 



2 ■ »• ' €l + €2 * /» - i> 



T* . ?/ ^ f 1 - £2 

^ ^ 2 Cl + €2 

P-P 



and Bmce/= J) +/i =i> ( 1 + -^ ) 

hence p = /+ p - V(7T^ ^ 4/p(l - ») 

•2(1 - 6) 
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This equation, when plotted as before, using - for abscissEB, 

gives a wavy line, ATMC, which Mr. Fidler calls the curve of 
the lower limit of the strength of the column, and he states that 
" between the shaded area included between the two curves, the 
results of individual experiments," plotted in a similar manner, 
''may be expected to range themselves at haphazard. The 
upper limit will be the line of the ideal column ABC, and it 
remains to determine for each material the position of the lower 
limit ATG, which must evidently be regarded as the greatest 
reliable strength of the column." 

The diagram, Fig. 224, shows that the strength of a long 
column depends more upon the modulus of elasticity than upon 
the crushing resistance of the material, thus : GM denotes the 
stress due to the direct load, and MK the stress due to 
bending moment. The diagram also shows that a very long or 
very short column will not differ much from the ideal column, 

but that for intermediate values of - the effect of eccentricity, or 

T 

inequality in the modulus of elasticity, becomes most marked ; 

the maximum effect occurs at B, where /» =/, and ^ =/- ^ 

1 - ^ • 

In Fig. 225, GM denotes the stress at the 
centre of the column due to direct load, and 
ME that due to bending moment; hence the 
graphical representation of the stress in the 
column is as shown in Fig. 225, and if the column 
is braced, the stresses in the lattice bars may 
be deduced from the flange stresses, as shown 
by the curve AMBK. 

Mr. Fidler has calculated the strength of 

I 
columns for various values of the ratio -, by 
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means of the formulas referred to, and he 
states that the results agree closely with those obtained from 
experiments made by Mr. Christie and others. 
These results are tabulated. 
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Table XXXVH. 

SnuEVOTa or GoLumis with Bound £hd6 ur Pouxdb feb Squabs 
Bbotiokal Abba, aooobdixo to Hb. Glaxtov Fidubb. 



Ihch of 



Balio 



20 
40 
60 
80 
100 
120 
140 
160 
180 
200 
220 
240 
260 
280 
SOO 
320 
340 
360 
380 
400 



CMt iron. 



72,300 

50,800 

30,000 

17,600 

11,700 

8,300 

6,300 

4,900 

3,900 

3,200 

2,680 

2,270 

1,950 

1,690 

1,480 

1,300 

1,160 

1,040 

940 

850 





Wrought Iron. 


1 
MUd steel. 


Hudrteel. 


35,200 


46,700 


67,200 


32,600 


42,700 


58,600 


28,400 


36,000 


45,500 


23,200 


28,300 


33,000 


18,200 


21,500 


23,700 


14,100 


16,400 


17,500 


11,100 


12,700 


13,300 




8,800 


10,100 


10,400 




7,200 


8,160 


8,360 




5,900 


6,710 


6,850 




4,970 


5,620 


5,710 




4,210 


4,750 


4,820 




3,640 


4,080 


1 4,130 




3,140 


3,550 


3,570 




2,750 


3,100 


3,130 




2,430 


2,730 


2,740 




2,160 


2,430 


2,440 




1,940 


2,190 


2,190 




1,730 


1,960 


1,960 




1,570 


1,760 


1,760 



Table XXXVIII. 

Stbbkoth of Ck>Lvsty8 with Fixed Ends in Pounds feb Squabe Inch of 
Sectional Abba, according to Me. GijAxton Fidlee. 



BaUo 



Cast iron. 



20 
40 
60 
80 
100 
120 
140 
160 
180 
200 
220 
240 
260 
280 
300 
320 
340 
360 
380 
400 



77,600 

67,800 

54,700 

42,000 

30,000 

21,200 

16,000 

12,600 

10,200 

8,300 

6,900 

5,700 

5,000 

4,400 

3,900 

3,400 

3,000 

2,700 

2,470 

2,270 



Wrought Iron. 



MUd 8te«l. 



35,800 

34,900 

33,400 

31,100 

28,400 

25,300 

22,200 

19,200 

16,500 

14,100 

12,100 

10,500 

9,300 

8,200 

7,200 

6,300 

5,600 

5,100 

4,600 

4,210 



Hard steel. 



47,400 


68,700 


45,700 


65,800 


43,300 


60,500 


39,900 


53,600 


36,000 


45,500 


31,000 


37,400 


26,500 


30,500 


22,500 


25,000 


19,100 


20,900 


16,400 


17,500 


13,900 


14,900 


12,000 


12,600 


10,400 


11,000 


9,100 


9,500 


8,200 


8,400 


7,200 


7,300 


6,300 


6,500 


5,500 


5,7(K) 


5,100 


5.200 


4,750 


4,800 
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Hodgkinson's Formula for Colnmns. — The principal practical 
use of Euler's formnlsB was to famish a general form of expres- 
sion for the breaking load to the experiments of Eaton Hodg- 
kinson. 

Applying Euler's formula to solid cylindrical columns with 

flat end, and substituting for I = -— = -z~:^ we have — 

4 o4 

But Hodgkinson's experiments gave — 

Pi = (constant) x -^ - for wrought iron 

Yx = (constant) x ,^^ for cast iron 

For a square column, in which the length of side is denoted 
by fc, Euler's formula would give — 



^ y^ 



and Hodgkinson's experiments on timber gave — 

Pi = (constant) x ^ 

Inserting the constants determined by Hodgkinson, his 
formulaB become, when the length exceeds 30 times the 
diameter — 

Pi = ~,i.^ for cast-iron columns with flat ends, where I is in 
feet and d in inches, and Pi the breaking load in tons 
Pi = — j5 — for wrought-iron columns, ditto, ditto 

^ 10-956* 

Pi = — -p^ for dry oak, ditto, ditto 

7'816* 
Pi = — ^ for dry fir, ditto, ditto 

For hollow columns of cast iron we have, where D and d 
denote the external and internal diameters respectively in 
inches — 
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Pi = 44- p, - - 

Hodgkinson found that the strength of columns with flat 
ends, one end flat and the other rounded, both ends rounded, 
are as 8 : 2 : 1, approximately. 

Bankine*8 Formula. — This formula is based on the assumption 
that the load acts along the axis of the column, and that there 
is no eccentricity. It may be investigated in the following 
manner : — ^ 

Let = the eccentricity. 
P = the load. 
S = the central deflection. 
B = the radius of curvature. 
A = the area of the cross-section, 
r =: the radius of gyration. 
/^ = the intensity of stress due to bending within the 

elastic limit of the material. 
/ = the intensity of stress at rupture. 
y = the distance from the neutral axis to the extreme 

fibre. 
I = the length of the column. 

It can be proved that, in a column fixed at one end and free 
at the other — 



but — 



but since M = P(8 + 0) = 



R = rr approximately 

1 _ M _ P(8+^0) 
E~EI~ EI 

. 2g P(g + fl) 

•'• r" ~ EI 
2aEi=P(8 + e)P 

pep 2Eifl 

•'• * ~ 2EI - PP' '''^ ■•" 2EI - P? 



, _ P(g + g)// 2PEfly 

'I T 



2EI - PP 

Dubois. 
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But/=/i + ^ .-./,=/-- = 2j,j _ pp 

or /A = P(^l + 2EI^pp; 

or P(2EI - PP + 2E%A) = /A(2EI - PP) 

Since PP is small compared with 2EI + 2AE%, we maj' 
neglect it. 

P _ 2f EI ^ / 

■■• A ~ 2E(I + kHy) + ZAP ~ Oi/ j^ 

■^ r* 2Er» 
If = 0— 

P_ / / 

1 + -"^ . -;i 1 + c-^ 
2E 7-* r 

C is a constant depending on the material and the conditions 

of fixing, or otherwise, at the ends. This is Rankine's formula, 

and it is clear that it is only true when there is no eccentricity, 

and when the stress produced is within the elastic limit of the 

material. In order not to exceed the elastic limit, the intensity 

p 
of buckling stress, -, should be divided by a suitable factor of 

1 

safety. If the factor of safety is expressed thus, — y 

4 + 



20rf 

which is convenient for variable loads, where A is the least 
dimension of the cross-section, then, if we denote the working 
stress by W, we have — 

The nsnal factor of safety for dead loads is four. 

Ctordon's Formnla. — This formula is of the same form as 
Bankine's, but, instead of using the least radius of gyration, 
r, the least dimension of the cross-section is substituted, and 
the value of c modified accordingly. This will be true for 
circular and rectangular sections, since r is a function of d^ 
but for all .other sections r is not a simple function of d, hence 
Bankine's formula is more general than Gordon's. 
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In Bankine's formula /is taken as 86,000 for wrought iron, 
and C = ^ eioo for flat ends, = ttooo for round ends, = a^ooo 
for one end flat and the other end round. 

In hollow cylindrical struts, if (2 is substituted for r — 

for cast u:on/= 72,000, c - ^\ :^Iq\ y^^oo 
for wrought iron/= 86,000, c = 4^0 ; j^^^; 3^000 

Professor Bauschinger recommends the following formuls 
for columns in fire-proof buildings, as the result of a long series 
of experiments in which the columns were heated and sprinkled 
with water — 

P 14228 . ... 

- = ^ for wrought iron 

1 + 0-0001:^ 

P 19912 

- = for cast iron 

1 + 0-00025^ 

where I =: the length, and r = the least radius of gyration. 

The following tests of full-sized columns were made at the 
Watertown Arsenal in 1881. 

The columns were placed in the testing-machine on accurate 
bearings formed by inserting thin pieces of rolled brass between 
the ends of the column and the face of the holder when there 
was not a perfect fit. 

Counterpoise weights were attached to the long columns at 
two points of their length, to counteract the tendency to bend 
from the weight of the column. 
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Table XL. 



Ho. 
of 

test. 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 



Style of column. 




Fig. 238. 



28*0" ; 

28*0" 
25' 0" 
25' 0" ' 
22' 0" 
22' 0" 
19' 0" I 
19*0" 
16' 0" I 
16' 0" I 
13' 0" I 
13' 0" 
10' 0" 
10' 0" 
r 0" 

ro" 

4'0" 
4'0" 
0*8" 
0*8" 



12062 
12180 
12*233 
12100 
12-371 
12-311 
12023 
12-087 
12000 
12-000 
12185 
12-069 
12248 
12-339 
12265 
11-962 
12080 
12119 
11-903 
11903 



Ultinutte ilreiigth. 



Length 


Sectional 


in feet 


area In 


and 


aqnare 


Inches. 

1 


Inches. 



I 



Total 
pounds. 



424,200 
416,000 
431,500 
424,000 
440,000 
423,000 
425,200 
446,000 
439,000 
439,000 
449,000 
449,000 
446,823 
449,000 
468,000 
517,000 
598,000 
621,000 
680,000 
682,000 



Pounds 

per 
square 

inch. 



Elaatic 
limit in 
pounds 

sqoare 
inch. 



Deflection in 
inches. 



Hori- 
soiitaL' 



VexticaL 



55,150 — •^■552 3-296 

34,150 — 0-05 2-47 
35,270 I 27,960 — -- 

35,040 — il-TlS 0-067 

35,570, — '0077 0-006 

34360 -~ 0010 0:»1 

35,365 — 0092 0-0*24 

36,900 29,290 0016 0032 

36,580 I — 2 09 0*002 

36,580' — 3 22 0012 

36,857 28,890 r435 0^234 

37,200 - 2-196 1 0'^ 

36,480 126,940 0049; 0-030 

36,397 28,360 0036 i 0*016 
38,157 i 29,350 j 0*535 — 

43,300 29,590 ' 2110 0*846 
49,500 
51,240 
57,130 i 
57,300 ! 



Compression of wrought-iron columns, lattice, box, and solid 
web, made at Watertown Arsenal in 1888 and 1884. 

This series of tests comprises seventy-four columns made 
by the Detroit Bridge and Iron Company. 

Tabulation of experiments with 8i-inch pins in the centre 
of gravity of cross-section, except those marked N, in which the 
loading was eccentric. Sufl&cient bearing area for the pins and 
flat ends was provided by means of reinforcing plates. 
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Table XLI. 



No. 

of 

test. 



752 . 

757 : 

755 ! 

756 ' 
753 
754 



Style of oolamn. 



i' 



'^ 

^ 



Jl 



f¥9 



- - 4' 

FiO. 229. 



Lengtb 

centre to 

centre of 

pins la 

inches. 



120-20 
120-07 

180-00 

180-00 
24000 
24000 



Sectional 
area in 
square 
inches. 



9-831 
10-199 

9-977 

9-977 
9-732 
9-762 



Ultimate strength. 



Total 
pounds. 



297,100 
320,000 

251,000 

210,000 
188,600 
158,300 



Ponnds 

per 

square 

inch. 



Manner of fkilnre. 



30,220 
31,380 

26,160 

21,050 
19,380 
16,220 



fDefleoted perpendiou- 
\ lar to axis of pins. 
1 1 Sheared rivets in eye- 
\\ plates. 

1 1 Deflected per pendlcu- 
\ lar to axis or pins. 

Ditto. 

Ditto. 

Ditto. 



751 

1642 
1646 
1647 




*<«• 




I 
I 

a 

I 
I 
I 

jr. 



1653 
1654 



1645 
1650 



1651 
1652 



I 
I 
tf ' 

Fio. 230. 




f M H 



FlO. 231. 






r 






00 



'/« 



Fio. 232. 




Fio. 233. 



240-00 ' lG-077 



240-00 
320-00 
320-10 



320-00 
320-00 



319-95 
32000 



320-00 



16-281 
16-179 
16141 



17-898 
19-417 



16-168 
16-267 



20-954 



32010 20-613 



425,000 

367,000 
318,800 
283,600 



474,000 
491,000 



454,000 



540,000 
535,000 



26,430 

22,540 
19,700 
17,570 



26,480 
25,290 



453,000 28,020 



27,910 



25,770 
25,950 



{Deflected perpendicu- 
lar to axis of pins. 
Ditto. 
Ditto. 
Ditto. 



{Deflected perpendion- 
lar to axis of pins. 
Ditto. 



r Deflected parallel to 
\ axis of pins. 
^Deflected perpendion- 
\ lar to axis of pins. 



rDeflected in diagonal 
\ directions. 
(Sheared rivets in eye- 
\ plates. 
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Table XLI. — continued. 



No. 

of 

test. 



746 

747 
748 
749 

1648 

1649 



740 
741 
739 

750 

1643 
1644 



1640 
1641 
1634 I 
1635! 



Style of column. 






r - - 
I 



I 
I 
I 



Fig. 334. 



»-#• -i 



• 



Fig. 235. 



- -,^.- 



FlG. 236. 



w^if^0^ w^9 



1638 
1639 
1630 
1637 



• -tr- 



I 
I 
I 

» 

rt., 



Fro. 23". 



1680 

1631 
1632 
1633 



\ 



Latticed 
1032 and 1C33 



m^.snijosi. 







Fig. 338. 



Length Sectional 
centra to i ^j^^ in 
centra of, ^^^ 



Ultimate Btrength. 



ptiuln 
Inches. 



159-20 

ir>9-27 
239-60 
239-60 

31990 

319-85 



159-90 
159-90 
239-70 

239-70 

319 80 
3 J 9-92 



Inches. 



30000 



.- I 



199-25 
199-50 
300-20 
30015 



300-00 

30000 
30000 
300-00 



Total 
poonda. 



7*628 258,700 

8-056 I 294,700 
7-621 I 260,000 
7-621 ■ 254,600 

7-705 ; 243,600 



7073 



229,200 



7-645 262,500 
7-624 . 255,650 
7-517 j 251,000 

7-531 I 259,000 

I 
7-691 237,200 

7-702 237,000 



199-84 11*944 403,000 
200-00 12*302 426,500 



300*00 12*148 



408,000 



12175 305,000 



12-366 . 385,000 
12-659 405,000 
11-920 391,400 
11-932 ' 390,700 



17*622 

17*231 
17*570 
17-721 



461,500 

485,000 
306,000 
307,000 



Poonds 

per 

eqnare 

Inch. 



33,910 

36,580 
34,120 
33,410 

31,610 

29,870 

34,340 
33,530 
33,390 

34,390 

30,840 
30,770 



33,740 
34,670 
33,630 
32,440 



Manna of failure. 



{ 



Deflected perpendieo- 
lar to axis of piii& 
Ditto. 
Ditto. 
Deflected diagonally. 
(Deflected pmllel to 
\ axiB of pina. 
Deflected diaganallj. 



( 



Deflected perpendioh 
lar to axis of pina. 
Ditto. 
rDeflected parallel to 
\ axis of pins, 
i Deflected perpendicn- 
\ lar to axis of pina. 
< Deflected parallel to 
\ axis of pins. 

Deflected horiiontally. 



(Deflected perpendiou- 
\ lar to axis of pins. 
I Deflected diagooallf . 

{Deflected perpendicu- 
lar to axis of pins. 
Ditto. 



31,130 l^^^ pe™ndica. 

' ,\ lar to axis of pins. 
31,990 I Ditto. 

Qo eoA /Deflected in diagonal 



32,740 



26,190 

28,150 
17,420 
17,270 



\ 



direction. 
Ditto. 



(Deflected pexpendiea- 
\ lar to axis of pins. 

Ditto. 

Ditto. 

Ditto. 
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Table XLII. 

Wrouoht-iron Goltthns with Flat Euds. 



Ko. 

of 

test. 



Style of column. 



377 
378 



+ 



f4 



<^-6- 



I I 

-I- ->| 

11 



f 



Fig. 289. 



379 
380 





1 




1 


1 


1 


1 




--Sr 


1 


/si 1 


1 *, 


1 


1 


4 


1 




1 




1 



Fio. 340. 



346 
347 
342 
344 



r 

< 7«..H— > 

I 



Fio. 241. 



348 
349 
341 
343 




Fro. 242.^ 



ToUl 

length in 

inchee. 



127-900 
127-900 



167-80 
167-80 



167-90 
167-90 
247-62 
247-80 



167-75 
167-75 
247-60 
247-62 



Sectional 
area in 
Bqnare 
inches. 



12-08 
1111 



17-01 
17-80 



15-74 
15-84 
15-68 
15-56 



2102 
21-46 
21-20 
21-49 



Ultimate strength. 



Total 
pounds. 



Founds 

per 

square 

inch. 



Manner of failure. 



i Buckling of i-lnoh 
plate between 

riveting. 
372,900 I 33,564 Buokling plates. 



594,500 
633,600 



fWARA /Buckling plates be- 
^»^^" 1 tween the riveting. 



35,595 



\ 



Triple flexure. 



517,000 32,846 
555,200 , 35,050 
517,500 ' 33,003 
536,900 34,505 



Buckling plates. 

Ditto. 
Deflected upwards. 
Buckling plates. 



708,000 , 33,682 



709,500 
700,000 
729,450 



33,061 
33,019 
33,943 



Buckling plates. 
Triple flexure. 
Deflected upwards. 
Deflected downwards. 
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No. 
of 

tost. 



339 
840 



337 



338 



Table XLII . — continued. 



Style of oolunm. 




Fio. 343. 



icei 



•— ■ 






re 



Fio. 244. 



ToUl 

length In 

inchet. 



Sectional 
In 



aqnjire 
inchet. 



Ultimftte rtrength. 



247-94 
247-94 



307-75 



307-87 



12-64 
12-74 



1690 



17-40 



Tout 
poande. 



412,900 
431,400 



582,400 



580,000 



PoniidB 

■qiure 
inch. 



Manner oX lailure. 



(Deflected upwards, 
latticing on the 
ooncaTe aide. 
33,862 I Ditto. 



(Deflected downwards 
and sidewaya, oon- 
tinnonapla4)eonthe 
ooncaTe aide. 
Deflected diagonaDy, 
latticing on the 
concave side. 



33,333 



Table XLIII. 

Wbought-Ibon Goluhns with 8}-ikoh Pins. 



Na 

of 

test 



Style of column. 



Length 
centre to 
centre of 

{)in8ln 
nches. 



367 
356 
357 



350 

351 
352 



353 



i 

FlO. 24ft. 



IZ^ 



FiO. 246. 




r» 



Fig. 247. 




Fig. 248. 



I I 



ii 






180-10 

, 18000 
' 240-00 
I 24000 



119-90 
120-00 

180-00 

180-00 
240-00 
240-00 



Sectional 
area in 
iiqaare 
Inches. 



Ultimate strengUi. 



160-12 



240-00 
240-25 



240-25 



Fig. 249. 



11-42 

11-42 
11-42 
11-31 



10-07 

9-21 

9-44 
9-24 
936 



15-34 



16000 15-40 



240-00 17-77 
240-00 17-22 



10-84 
12-65 



12-76 



Total 
pounds. 



379,200 

369,200 
342,000 
330,100 



914 I 286,100 



319,200 

291,500 

290,000 
267,500 
279,700 



475,000 
485,000 



570,000 
555,400 



240-25 I 12-48 202,700 



208,200 
350,000 



390,400 



Pounds 

per 

square 

inch. 



33,205 

32,329 
29,947 
29,186 



31,302 
31,698 

31,650 

30,720 
28,950 
29,879 



30,965 
31,494 



32,077 
32,253 



16,242 

19,207 
27,668 



30,596 



Manner of &Uure. 



1 Horizontal deflection 
perpendionlar to 
plane of pins. 
Ditto. 
Ditto. 
Ditto. 



{Buckling the plates 
between the riTets. 
Ditto. 
Horizontal deflection 
and hackling be- 
tween the ri?et8. 
Ditto. 
Triple flexure. 
Horizontal deflection. 



(Deflected upwards in 
the plane of the 8}* 
inch pins. 
Horizontal deflection 
perpendicular to the 
plane of the pins. 



{Horizontal deflection 
perpendicular to the 
plane of the pins. 
Ditto. 



1 Horizontal deflection, 
concave on lattice 
side. 

Ditto. 
Ditto. 
Horizontal deflection 
perpendicular to the 
plane of the pins, 
conyex on lattice 
side. 
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The tests on fall-sized colamns recorded in the foregoing 
tables famish the most reliable data for the determination of 
the strength of colamns. 

If we apply Bankine's or Gordon's formoIaB to calcalate the 
strength of these colamns, we shall find that the results differ 
from those obtained by experiment. 

The following empyrical formalsB represent more nearly the 
resalts of tests recorded in the foregoing tables. 

Mr. Theodore Cooper has proposed the following formals^ 
for Phoenix colamns : — 

P 36000 , ^ . . . . 

- = - for flat, or sqaare-ended columns 



c--*-) 



"*" ~ 18000 

P 86000 ^ 

A ^ ; i for pm-ended colamns 

1 + -^ 

^ 18000 
For lattice colmnns vrith pin ends — 
P 84000 



A /I 



1 + 



12000 

For box and solid web columns — 
P 83000 



A /l 

1 



(; - 4 

1 + 



for flat ends 



10000 

P 81000 

- = , ^j for pin ends 

A. / L 

T 



1 + 



6000 

Although not mathematically correct, the following formate 
are used to proportion the compressive members of bridges : — ^ 

> Mr. Theodore Cooper's "General Specifications for BaUway and Highwaf 
Bridges." 
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Bailway Bridges.— Chord segments — 



Columns — 



I = 8000 - 30- for Kve load stresses 

T 

I = 16,000 - 60J „ dead „ „ 



I = 7000 - 40^ of live load stresses 

I = 14,000 - 80J „ dead „ „ 

I = 10,500 — 60- „ wind stresses 

r 



Lateral Struts — 



I = 9000 — 50- for assumed initial stress 

T 



Highway Bridges.— Chord segments- 



I = 10,000 - 40- for live load stresses 

r 

I 
I = 20,000 - 80- „ dead „ 



Columns — 



I 
I = 8750 — 50- for live load stresses 

T 

I = 17,500 - 100- „ dead „ „ 

I = 13,000 — 75- „ wind stresses 
Lateral Struts — 

I = 11,000 — 60- for assumed initial stress 

where I = the maximum intensity of working stress in pounds 

per square inch. 
I = the length of the compression member in inches, 
r = the least radius of gyration in inches. 
I must not exceed forty-five times the least width of the com- 
pression member. 

The areas obtained by dividing the live-load stresses by the 
live load must be added to the areas obtained by dividing the 
dead-load stresses by the dead load. 
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The following formulffl are used for steel struts : — 

I =s 8500 - 55- for live load stresses 

r 

I = 17,000 - 110^ „ dead „ „ 
1 5= 13,000 — 85- „ wind stresses 

T 

Members subjected to alternate stress of tension and com- 
pression shall be proportioned to resist each kind of stress. 
Both of the stresses shall, however, be considered as increased 
by an amount equal to -^ of the least of the two stresses. 

The following formulae were suggested in Engineering ^ for 
designing struts in which the length does not exceed forty times 
the least transverse dimensions. 

T /"if 0-2Z\/ min.\ 

1 = 15 — -^ M 1 + ^ j for columns with fixed ends 
\ ^ A max/ 

I = (5 - ^Vl + ^) for columns with rounded ends 
^ ^ A max/ 

For alternating stresses substitute (l + -) for 

\ 2 maxy 

(1 H ') in the foregoing formulas, 
max./ 

It should be noted that I = the length in feet, and r =: the 
least radius of gyration in inches. I = the safe working stress. 

All the foregoing straight-line formulas should only be used 
within the limits specified in regard to the ratio of length to 
least width of section or least radius of gyration. 

' Engineering f January 5, 1892. 



CHAPTER XIII. 



SIZES OP PLATES AND BARS — JOINTS AND CONNECTIONS. 



In designing built-up structures of wrought iron and steel, we 
make use of certain rolled sections which consist chiefly of 
plates, angles, T^ channel, and flat bars ; also of rolled girders, 
bulb T*irons, and occasionally other specially rolled sections 
connected together by means of rivets, bolts and nuts, pins, 
eyes^ gibs and cotters, union screws, etc. It is necessary to 
know how to arrange the lengths and sections of the various 
riveted joints and other connections in the most convenient 
manner, not merely with a view to resist the various stresses 
developed in them, but also to reduce the cost of manufacture, 
carriage by land and sea to the site of the structure, and its 
subsequent erection. 

The designer will find it convenient to have by him a list of 
sizes of plates and bars, made by different manufacturers, such 
as the following : The Butterley Iron Company, Measures Bros., 
Carnegie, Dalzell Steel and Iron Works, and many others. 

Iron and steel plates vary in thickness from { to 1^ inch, 
increasing by yj^ of an inch. Plates less than ^ inch are termed 
sheets, and are generally more expensive. The following maxi- 
mum sizes from the Butterley Iron Company's list have been 
selected, and indicate the limits of area, length, and width : — 

Table XLIV. 



Tliicknefls. 


Area in 
bqnare fe«t. 


Length. 


Width. 


Renuirlu. 


i" 

1" 


72 
94 
130 
140 
180 
125 


83* 

40' 
45' 
46' 
4^ 
83' 


6'0" 
6' 9" 
8'0" 
8' 6" 
9'0" 
9'0" 


The sizes are the maximnin in each 
case; thus, if we require to know 
the gpreatest length of plate obtain- 
able 1 inoh thick by 4 feet wide, 
we have i^ = 35 feet. 
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The best Yorkshire ironmakers roll plates for boilers 20 
per cent, larger in area than given in the above table. 

The following sizes have been selected from the Balzell Steel 
and Iron Works list : — 

Table XLV. 



MAximom lengths in feet. 



Thickness in Inches. 



4 ft. wide. I 6 ft. wide. ' 6 ft. wide. | 7 ft. wide. |7ft.6>. 



Htoll 


30 to 40 


24 


20 


16 


15 


itoi 


33 


27 


21 


16 


15 


ItoU 


20 


16 


12 







Extras are charged for thicknesses of iron and st^l plates 
under \ inch, and for lengths over 25 feet ; for widths over 4 
feet 6 inches in iron and over 6 feet in steel; for weights 
over 10 cwt. in iron and 20 cwt. in steel ; and for areas over 60 
square feet. 

L and T bars are rolled in a great variety of sections. For 
ordinary sections the lengths may be 80 feet without extra 
charge; generally the length and depth united should not exceed 
9 inches, or extras wiU be charged. DalzeU Steel Company, 
however, allow 11 inches for angles and 10 for T'b without 
extras. 

The following are probably the largest sections obtainable in 
iron and steel angles : 10" x Si" from i" to |" in thickness. 
In steel, 10" x 4" and 11" x 4" from i " to |" may be obtained. 
T's may be obtained in steel 10" in the stalk by J" thick, and 
7" in the table by f " thick. Channel bars are rolled to a maxi- 
mum size of 15" X 4" x i", and rolled girders to a maximum size 
of 20" X 8", at a mean weight of 100 lb. per foot, but extras are 
charged when the sum of the depth and width exceeds 16 
inches. 

Flat bars are rolled up to a maximum width of 12 inches, 
and may be obtained from \ of an inch in breadth and \ of 
an inch in thickness, from 1" x ^" to 6" x 1" without extra 
charge. 

Bound and square iron and steel bars may be obtained from 
^" to about 3" without extra charge ; the maximum sizes are 10" 
diameter or 10" square. The relative cost of the various rolled 
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sections may be approximately expresBed, for the purpOBe of 
estimating the relative cost of various designs, as follows : — 

Flat, Toond, and square bars IKW 

L, T, and C bars 112 

Plates 1-18 

Riyetg 115 

Economy may be effected by making use of angle and flat 
bars in preference to plates frherever they can be used withont 
a corresponding disadvantage, and by reducing the riveting as 




much as possible consistent 'with strength. It is sometimes 
desirable to incur the extra charges for longer bars and plates, 
rather than to increase the number of joints, as the total cost is 
reduced. 

Uneqaal-sided angles should be avoided unless used in large 
quantities, and generally the fewer the sections used in a 
particular work the better. It is most desirable to reduce the 
amount of smith's work, such as cranking, bending, joggling, as 
much as possible, as the iron is injured in the process and the 
cost of the work increased. Welding shoiild never be resorted 
to in girder-work if it can possibly be avoided. 

Bolts, Hats, Union Screws. — Bolts and nuts, suspension and 
tie-rods, are specified by English engineers to have AVhitworth 
threads, but American engineers generally use the Seller 
thread (see Figs. 250, 251, and 252). 

"Whitworth threads are rounded at the tops and bottoms. 
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while Seller's threads are flat at top and bottom^ and conse- 
quently they can be cut with one tool. 

Strength of Bolts and Screwed Eods. — Let P denote the tensile 
stress on the rod or bolt ; /, the safe intensity of working stress ; 
a, the area at the bottom of the thread given in the following 
table for Whitworth threads ; then — 



P = a/ 



Table XL VI. 

Table of Whitwobth V Sgbew ThbbadsJ 







Number of ' 




Diameter at Area of section at 


Diameter In Inches. 


threads per 


Pitch in inches. 


bottom of thread bottom of thread 






Inch. 




in inches. 


in inches. 


\ 


OoOO 


12 


00833 


0-393 0-121 


1 


0-625 


11 


00909 


0-509 


0-204 


i 


0-750 


10 , 


01000 


0-622 


0-304 


1 


0-875 


9 


0-1111 


0733 


0-422 


1 


1000 


8 


01250 ' 


0-840 


0-554 


u 


1125 


7 


0-1430 


0-942 


0-697 


li 


1-250 


7 


0-1430 


1067 


0-894 


If 


1375 


6 


0-1670 


1-161 


1-058 


u 


1-500 


6 


01670 1 


1-286 


1-299 


11 


1-625 


5 


0-2000 


1*369 


1-472 


If 


1-750 


5 


0-2000 


1-494 


1-753 


H 


1-875 


4i 


2222 


1-590 


1-986 


2 


2000 


1 4i 


0-2222 


1-715 


2-311 


2i 


2-250 


4 


2500 


1-930 


2-926 


2^ 


2500 


1 4 


02500 


2-180 


3733 


2i 


2-750 


3^ 


0-2860 


2-384 


4-464 


3 


3000 


3^ 


2860 


2-634 


5-450 


3i 


3-250 


3i 


0-3080 


2-855 


6-402 


3^ 


3 500 


3i 


0-3080 


3-105 


7-563 


81 


3750 


3 


0-3333 


3-323 


8-673 


4 


4000 


3 


0-33a3 


3-573 


10-027 


4i 


4-250 


1\ 


3480 


3*804 


11-365 


^\ 


4-500 


2it 


0-3480 


4054 


12-908 


4 


- 4-750 


: 2J 


0-3640 


4-284 


14-404 


5 


5000 


2i 


0-3640 


4-584 


16146 


5i 


5-125 


1 21 


0-3810 


4-762 


17-810 


5 


5-500 


1 21 


0-3810 


5-012 


19-7-20 


5-750 


1 2^ 


0-4000 


5-239 ' 21-570 


6 


6-000 


1 ^* 


0-4000 


5-489 


28-640 



/ should not be taken more than 4 tons per square inch for a 
steady load, since the stress is not uniformly distributed in con- 
sequence of the abrupt change of section from the full area of 
the bolt to the area at the bottom of the thread. 

* Unwin's " Machine Design," part i. p. 145. 
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Iji bridge-work th« safe working stress mnst be determined 
from the range of stress, as explained in Chapter I. If the ratio 
of the minimum to the masimom stress is ^, then / may be 
taken at 3 tons per square inch. When the bolt is screwed up 
torsional stress will be developed, which, if the maximom load 
prodncing tension is also on the bolt, will necessitate a farther 
reduction in the working stress. Professor Unwin has shown ' 
that this stress requires the diameter of the holt to be increased 
aboat 15 per cent., and he gives the following formulte for 
machine bolts where the range of stress varies &om zero to a 
maximum : — 

P = 2400d» to 3000d» 
where F = the total load in pounds, and A = the full diameter 
of the holt in inches. 

In suspension bolts for timber truss bridges, and in cable 
suspension bridges, also in the tension rods in iron roofs and 
wind-bracing, the rods should be upset before the thread is cut, 
so that the diameter at the bottom of the thread is never less 
than the full diameter of the bolt. Under these circamstances 
the effect of unequal distribution of stress may ha neglected. 
The torsion may also he neglected, since it is not likely to he 
applied when the full load is on the rod. The screwing up, 
however, will in most oases put initial tension upon the rod, the 
exact amount of which is difficult to determine. In roofs and 
wind-bracing this initial stress may be neglected in fixing the 
intensity of working stress, since the maximum load is rarely 
applied. It will generally 
have to be considered io addi- 
tion to the range of stress due 
to dead and live loads. 

Fig. 253 shows a common 
bolt and nut; Fig. 254, a 
rag bolt which is sometimes 
used to secure foundation- 
plates to the masonry or 
concrete bed upon which it 
rests. A taper hole is cut ^'"'^ ^■*"- 

in the masonry, and the tail of the bolt is square, with 
jagged ends ; the space between the bolt and the hole is filled 
with molten lead. 

' Unwiu'B "Maobine Design," part i. p. 150. 
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Vnion Screw Coupling^. — Figs. 255 and 256 represent two 
union-screw <;oapling8 ; the threads cat upon the upset ends of 
the rods are right and left handed, so that when the coupling is 
turned the rods are caused to approach each other until they 
are tight. In Fig. 255 the coupling is turned by inserting a bar 
in the centre hole, and in Fig. 256 the middle of the coupling 
is forged hexagonal, so that it may be turned by means of a 

FiO. 255. 





Fio. 2M. 

screw-key. The outside diameter of the screwed portion is 
equal to the diameter of the rod + 2 x depth of thread, which 
in Whitworth threads is % of the pitch ; hence, if di = the outside 
diameter, and d = the diameter of the rod — 

di = d + f pitch 

Table 44 will give us at once the outside diameter if we look 
out the diameter which has the diameter at the bottom of the 
thread equal to, or not less than, the diameter of the rod; 
thus if the rod is 1 inch in diameter, we find that \\ will give 
1*067 at the bottom of the thread. 

The depth of the thread in the coupling should be made 
equal to the outside diameter of the thread, to ensure that the 
threads will not strip, and the total length of the coupling will 
be twice the outside diameter of the thread plus the portion, C, 
left for adjustment. There only remains, therefore, the outside 
diameter of the coupling, a, to be determined, so that the 
sectional area through the hole in Fig. 255 may be equal to 
that of the rod. Let da = the inside diameter of the coupling, 
dg = the outside diameter ; let the diameter of the hole be \ of 
an inch ; then dj will equal the outside diameter of the screwed 
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portion of the thread plua the clearance, bo that d^ may equal 
li inch if rf = 1 inch ; hence — 

.-. rfj = 2 inches 

Examples of nnioa screws, such as are generally used in 
bridge-wort, are given on Plate II. 

Jib-aod-Cotter Joints. — The tie-rod of an iron roof is frequently 
attached to the principal, and to the shoe at the abutments, by 
means of a gib-and-cotter joint. Figs. 257 and 258 show this 
kind of joint. The outside of the gib is made parallel to the 
oatside of the cotter, and the taper of the cotter is made from 



wii^s 



1 in 24 to 1 in 48. The heads of the gib prevent any spread of 
the side plates. The shearing strength of the gib and cotter at 
its central section must equal the tensile strength of the main 
tie-rod, and the pressure on the bearing area must not be 
excessive. Let h = the thickneBs of the side plates, and t the 
thickness of the rectangular end of the rod, taken as equal to 
the diameter of the rod ; let c = the breadth of the rectangular 
end of the rod, a = the length of the gib and cotter at the 
central section, ^ = the thickness. 

Hence, if t = 2ti, the tensile and bearing strengths of the 
Bide plates will equal those of the rectangular end of the rod, 
and if we take 5 tons as the intensity of working stress in the 
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tie-rod, 4 tons as the safe shearing stress of the gib and cotter, 
and 8 tons as the safe intensity of pressure on the bearing 
area, then, since the gib and cotter are in doable shear and 
must therefore shear at two sections at the same time — 

2a<3 X 4 = ^cP X 5 
4 

If fa is known, a can be found from the above equation. Let 
J = 2 inches, then the safe stress on the tie-rod is — 

4- X 5 = 15*7 tons = Safs 
4 

/. atj s 2 square inches (about) 

If fa = J of an inch, a = 2*7 inches. 

The pressure on the bearing area will be — 

P X J X 2 = 15-7 

/. P = 10*4 tons per square inch 

•which is too great. Let fs = 1 inch, then a would require to 
be 2 inches, and — 

P X 1 X 2 = 15-7 

:. P = 7-8 tons. 

Hence if the gib and cotter are made 1 inch thick, the 
pressure will not be excessive. 

To find the breadth c, so that the sectional area shall be the 
same as the tie-rod after deducting for the hol< 



2fi(c - fa) = ^(P 

4 

or, if d = f = 2fi, we may write — 

rf(c - fa) = -^ 
4 



IT 



4 

TT - 

/. c = fa + -d 
4 



If d = 2 inches, and f 3 = 1 inch, c = 1 + 1-57 = 2-57 inches. 
It is desirable to have a margin here for possible inaccuracy 
in forging, hence c should be made 8 inches. 
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The depth e in Fig. 257 must be sufficient to avoid shearing 
a piece out the width of the cotter. 

Drilled and Punched Holes (Riveting). — Although punching is 
largely used for rivet-holes, it is objectionable for the following 
reasons : — 

The spacing of the holes is not done so accurately as with 
drilling, and when two or more plates are used, as in the flanges 
of a girder, the holes frequently overlap, and require to be 
rhymered before the rivets can be inserted. This inequality in 
the spacing is partly due to the stretching of the plate in the 
process of punching, and it increases with the length of the bar 
or plate, also with the ductility of the material; it is most 
decided in curved girders. As a consequence of the unequal 
spacing, it is practically impossible to ensure closely butted 
joints with punched work. Another objection to punching is 
that the material round the hole is injured by the plastic flow 
of the metal under the pressure of the punch ; in general the 
harder the material the greater the injury from this cause, but 
steel is injured by punching more than iron, and should only 
be used in thin plates. This injury may be removed by drilling 
or rhymering out the hole generally to about -^ of an inch in 
diameter, and to some extent by annealing. The method of 
driving in a conical pin, known as drifting, should never be 
allowed, as it causes considerable damage to the material. For 
ordinary wrought-iron girder-work with not more than two 
flange plates, punching is good enough if the work is done 
properly, but when several plates are used in bridge-work the 
holes should be drilled, as it is almost impossible to ensure 
accurate work of this class with punching. Drilling the rivet- 
holes by means of multiple drilling-machines ensures accurate 
spacing and avoids the injury to the material round the hole as 
in punching ; the sharp edge, however, left by the drill should 
be rounded off, as it facilitates the shearing of the rivet. 

Machine-riveting, such as by means of hydraulic pressure, 
is much superior to hand-riveting, as the plates are brought in 
closer contact and the rivets are made to fill the holes more 
completely; moreover, the pressure exerted upon the rivets is 
under control, and may be regulated to any extent. Steel rivets 
require greater care in closing by hand than iron rivets, as they 
are more liable to be injured if hammered at a dull red heat. 
With machine-riveting the plates should be well bolted together. 
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or the metal will be squeezed out between the plates, forming 
collars, and it is generally very difficult to cut out a rivet closed 
by hydraulic machinery. 

In both hand and machine riveting the contraction of the 
rivet longitudinally in cooling causes it to exert a pressure on 
the plates like a clamp, and with accurately drilled holes and 
hydraulic riveting the shearing resistance of the rivets may 
never be developed under the ordinary working stress in the 
structure; but the amount of frictional resistance due to this 
cause is uncertain, and may be reduced by vibrations. Again, 
if the elastic limit of the material of the rivet is exceeded, the 
grip upon the plates must gradually diminish ; it is, therefore, 
in general neglected in designing riveted joints. Machine- 
riveting is used more in the bridge yard than in the jointing 
of the various pieces during erection, where it would be of the 
greatest service, but it has not generally been found convenient 
to use portable riveting-machines for this purpose, although 
they will probably be used more extensively in the future. 
When a bridge or girder is finished, there will generally be a 
certain proportion of loose rivets, which, if decidedly loose, 
should be cut out and replaced with well-fitting rivets. Loose 
rivets may be easily detected by tapping the rivet on one side 
with a small hammer and holding the finger on the other, but 
apparently tight rivets may be rendered loose by too frequent 
tapping, and absolute tightness cannot be expected from the 
nature of the process. 

In designing riveted joints it is generally assumed that the 
size of the finished rivet is the same as that figured on the 
drawings. Sometimes, however, the nominal size of the rivet 
is ^2 ^' ^^ \x^(^ smaller than the actual size before it is closed, 
and if the holes are drilled, they are usually made the correct 
size ; so that there is no practical difference in the figured from 
the actual sizes, excepting that no rivet can completely fill the 
hole if put in hot, in consequence of the lateral contraction in 
cooling. In pimched work the holes are generally from 10 to 
20 per cent, larger than the nominal sizes of the rivets, and the 
shearing resistance of the rivets in the joint is consequently 
always in excess of that calculated, but, since the stresses are 
not likely to be so well distributed in punched as in drilled work, 
this excess may be neglected. 

Some engineers specify that the rivets shall be the actual 
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sizes figured on the drawings before being inserted in the work, 
in which case the finished size is 3^ of an inch larger, giving an 
excess in both drilled and punched work. It will be assumed 
in the following calculations that the rivets are of the actual 
sizes figured, which appears to be the general practice. 

Joints in Flange Plates and Webs of Girders.— Figs. 269 and 260 
represent the methods commonly adopted for covering the joints 
in the flanges and webs of girders. In each case the total 
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shearing resistance of the rivets on one side of the joint should 
be at least equal to the tensile resistance of the net section of 
the plate through the rivet-holes ; or, in other words, the total 
shearing resistance of the rivets on one side of the joint should 
not be less than the stress developed at the joint. It is a good 
rule to make the strength of the rivets about 10 per cent, greater 
than that of the net section of the plate, as, from the nature of 
the process of riveting, the stf ess is not often uniformly distri- 
buted over the rivets, some being more severely stressed than 
others. In Fig. 259 there is a cover-plate on each side of the 
joint, and the rivets are in double shear, as they must shear at 
two sections at the same time. In Fig. 260 the cover-plate is on 
one side only, and the rivets can shear at only one section, con- 
sequently the rivets in double shear ought to be twice as strong 
as those in single shear. Again, in single shear the material is 

p 
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not symmetrical with reference to a line passing through the 
centre of the thickness of the plate^ and there is a tendency to- 
wards an unequal distribution of stress over the joint. In 
double shear it is usual to allow 1*75 times the strength in 
single shear. 

In order to obtain cover-plates of the full width of the girder 
on each side of the joints it is necessary to insert a packing-piece 
between the angle irons and the flange plates equal in thickness 
to the inside cover-plates, and butting against it as 'shown in 
Fig. 269. An intermediate case is one in which narrow cover- 
plates are riveted on each side of the angle irons ; but if the rivets 
are considered to be in double shear, the flanges of the angle 
irons ought not to be considered in the net sectional area of the 
bottom flange. Sometimes a strip is placed at the bottom of 
the girder of the same width as the flanges of the two angle 
irons in addition to the two inside strips and outside cover. 
The cover-plates need not be so long when the rivets through 
them are in double shear. In Fig. 259 there are two plates, 
and the joint occurs on the inside ; hence the moments of the 
area of each cover about the centre of the joint ought to be equal, 
from which it follows that the inside cover should be thicker 
than the outside, because its lever arm is shorter, while the total 
thickness of the two covers need not be greater than that of the 
plate covered, thus : If the plate covered is ^ inch thick, and the 
plate between it and the outside cover the same thickness, and 
ti and t^ the thickness of the inside and outside covers respec- 
tively — 

2 ^ 

hence the inside cover should be twice as thick as the outside 
cover, fi = J, ^2 = J, and the covers may be made | inch and 
\ inch respectively. 

The greater the number of plates between the joint and the 
outside cover, the smaller the thickness of the outside relatively 
to that of the inside cover. In a pile of plates with a joint in 
the centre, or in a joint consisting of a single plate with a cover 
on each side, the thicknesses of the cover-plates should be equal. 
The covers to joints in web plates are generally double, so that 
the rivets are in double shear, and their joint thickness is 
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slightly greater than that of the web plate. The resistance of 
iron and steel bars to shearing is about % of the tensile strength 
of the material ; but rivet iron is of better quality than plate- 
iron, the tensile strength being about 24 tons per square inch, 
while rivet-steel is about 26 to 80 tons per square inch, so that 
the shearing strength of rivet-iron is about equal to the tensile 
strength of plate-iron. But the shearing strength of steel is only 
about 28 tons, hence the ratio of rivet area to plate area in single 
shear should be one of equality for iron plates and rivets, but as 
5 : 4 in steel plates and rivets ; but, in order to allow for imper- 
fections in workmanship, and the variations from other causes, 
the ratio for average cases may be taken as about 1*1 for iron, 
and about 1'4 for steel. Although the ratio of rivet area to 
plate area is the most important consideration in the strength of 
riveted joints, still, under some circumstances, the joint may 
fail in other ways even when this ratio is as above stated. The 
plates or rivets may be crushed due to excessive pressure on the 
bearing area, or the plate may break away in front of the 
rivet. 

The value of the crushing stress which produces injury to 
the tenacity or shearing resistance of the joint is stated by Pro- 
fessor Unwin to be very uncertain, but that there is no indica- 
tion of injury in the case of steel joints with crushing pressure 
of 50 tons per square inch. If, therefore, the working crushing 
pressure is not greater than 8 tons per square inch in iron joints, 
and 10 tons in steel, there will be no danger of the rivets crush- 
ing, or the holes elongating. 

If & = the breadth of a plate after deducting the diameters 
of the rivet-holes ; 
t = the thickness of the plate ; 
a = the area of the rivet ; 

n = the number of rivets required on each side of the 
joint ; 
then, neglecting the pressure on the bearing area, we have, for 
iron rivets — 

I'lbt = na, single shear; .*. n = 

a 

I'lbt = l'75?ta, double shear; /. n = 

a 

for steel rivets — 
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1'4W = «a, single shear ; .*. « = - 

a 

1'4W = l*75na, double shear ; .". n = 

a 

The areas of | inch, \ inch, and 1 inch rivets may be taken 
as 0*44, 0*6, and 0*78 square inches respectively. The pressure 
on the bearing area should then be calculated to see if it is urithin 
the safe working stress above referred to; if it is not, the 
number or diameter of the rivets should be increased. It will 
not generally be found necessary to increase the diameter or the 
number of rivets in order to increase the bearing area in single- 
shear joints, but with thin plates and double-shear joints the 
bearing area must not be neglected. 

Fig. 261 represents a group of joints in the tension boom 
of a girder with cover-plates on each side, so that the rivets are 
in double shear. The thicknesses of the two covers should be 
equal, as the lever arm with reference to the joint in the upper 
plate on the right and the top cover is the same as the lever 



Fig. Ml. 

arm with reference to the joint in the lower plate on the left 
and the bottom cover. If the group of plates consists of equal 
thicknesses, there will be a slight excess in strength if each 
cover is made equal in thickness to one of the plates ; if the 
plates vary in thickness it will depend upon their position, in 
so far as they affect the length of the lever arms of the covers, 
about the joint. If each of the five plates shown in the figure 
is \ inch in thickness, the thickness of each cover should be 
made J inch; the excess in area may be neglected. With 
reference to the group of joints shown in the sketch — 

1. Failure may occur by the shearing of all the rivets in 
the joints between 1 and 7. 

2. Failure may occur by the shearing of the rivets between 
2 and 6, and the tearing of both cover-plates at the same time. 

8. Failure may occur by the rivets between 1 and 7 cutting 
into the plates from insufficiency of, or excessive pressure on, 
the bearing area. 

4. Failure may occur by the rivets cutting into the covers 
between 1 and 2 and 6 and 7 at the same time that the rivets 
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cut into the plates between 2 and 6 and 2 and 9, or between 
2 and 6 and 2 and 10. 

With regard to the first mode of failure. 
Let N = the total number of rivets in the joint. 
y = the number of plates. 
h = the breadth of each plate less riyet-holes. 
t = the thickness of each plate. 
m = the number of rivets in each end group. 
r = the number of rivets in each central group. 
d = the diameter of the rivets. 
a = the area of one rivet. 

0*628 
Then N = - pbt for iron = 2ni + (v - l)r (1) 

a 

0-8 
N = ~ -pbt for steel = 2m + (p - l)r (2) 

a 

With regard to the second mode of failure. If the thickness 
of each cover be made equal to t, then — 

Cover-plate area = 2bt 
Number of rivets in the central groups = (2? — l)r 
Rivet area in the central groups = (p — l)ra 

Equivalent plate area = -^ 

'2bt + -^-^- = pbt (steel) (4) 

Equations 3 or 4 may be solved for r, which may be substi- 
tuted in equations 1 or 2 to find m. It will generally be more 
convenient to calculate the ratio of the intensity of pressure on 
the bearing area to the tensile strength of the plates, in order 
to see whether the third and fourth methods of failure are 
possible with the joint under consideration. 

If we take 8 and 10 tons as the greatest permissible pressure 
in the case of iron and steel respectively, this ratio should not 
exceed 1*6 ; let q denote the ratio referred to. The total area 
exposed to pressure is for the third mode of failure — 

pmtd + (p - l)rtd + . . . + rtd=pinUl +f(i> - '^)rtd 
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9 = ^ 



^{2m + r(i>«l)} 

For the fourth mode of failure the area exposed to pressure 
is — 

2mtd + (j> - Drtd + . . . + ^^ = 2mf<i + ^(> - \)rtd 

vb 



Example /• — ^A group joint for three plates, each 24 inches 
wide by i inch thick, rivets | inch in diameter and 4 inches 
pitch. We may assume that there will be four rows of rivets 
longitudinally, and that the plates need not be weakened to a 
greater extent than by two rivets. 

The effective width of the plate is therefore (24 — 2 x |), 
or 22'25 inches, and the effective area 11*125 square inches. 

The lever arms for the cover-plates will be about as 1 : 8, so 
that {-inch plates will be sufficient. The total number of rivets 
required is — 

-^ 0-628 x8x 11125 ^,^« ,. ,\ 
N= — =34-93 (iron)] 

0-8 X 8 X 11125 , [ = ^"^ ■•■ *^'' 

= ^ = 44-50 (steel) \ 

2 X 3 X 22-25 
Cover-plate area = = 16-68 square inches 

o 

Bivet area in central) 
groups j = 2 X 0-6 X r = l-2r square inches 

l-2r 
Equivalent plate area = —— - = l-91r (iron) 

0-628 

l-2r 

M f> J, = Trr^ = l-50r (steel) 

.-. 16-68 + l-91r = 11-125 x 3 /. r = 8*7 (iron) 
16-68 + l-50r = 11-125 x 3 /. r = 11-1 (steel) 

But 7- must be some multiple of 2, so also must N, therefore 
we have — 

2 771 + 2 X 10 = 36 /. m = 8 (iron) 

2 m 4- 2 X 12 = 46 /. m = 11 (steel) 
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In this case m may be made equal to r = 10 and 12 respectively. 



(Z = 



3 X 22-25 



8x7 



= 1-2 (iron) 



8^2(20 + 20) 
8 X 22-25 



= 1-06 (steel) 



8 X 22-25 

or ^ = ^ ,rt^— T-rTTTx- = 1*50 (iron) 



5(20 + 80) 
8 X 22-25 



= 1-26 (steel) 



5(24 + 86) 

Hence the pressure on the bearing area is not excessive, and 
the joint may be designed as in Figs. 262 and 268. 
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Example II. — A group joint similar to the last, only with five 
plates instead of three. 

^^ 0-628 X 5 X 11-125 ,^ ^ n,. r ' 

N = :r^ = 58-2, say 60, for iron 



0-6 
0-8 X 5 X 11-125 

0-6 



= 74-1, say 76, for steel 



The cover-plates may be taken as the same thickness as the 
plates in this case. 

Cover-plate area = 2 x 11*125 = 22-25 square inches 

Eivet area in central groups = 4 x 0-6 x r = 2-4r square inches 

2-4r 
Equivalent plate area = = 8-8r (iron) 

2*4r ^ , , , 
= — = 3r (steel) 

/. 22-25 + 8-8r = 11-125 x 5 /. r = 8-78 (iron) 
22-25 + 3r = 11-125 X 5 .'. r = 11-12 (steel) 



2l6 
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Taking the next greatest multiple of % we haye, as before — 

2w + 2 X 10 = 60 /. m = 20 (iron) 

2m + 2 X 12 = 76 :.m = 26 (steel) 

6 X 22-25 ^ ^ . . 

^^^^— = 0-6 (iron) 



¥ = 



6x7 



(40 + 10 X 4) 



2x8 

5 X 22-25 



5X7 



= 0-5 (steel) 



2x8 
5 X 22-25 



(52 + 12 X 4) 



or r/ = - 



4(40 + 100) 
5 X 22-25 

5(52 + 120) 



= 0-9 (iron) 



= 0-7 (steel) 



Henoe the pressure on the bearing area is very small, and 
the joint may be designed as shown in Figs. 264 and 265. 

Generally, if the tension flange is designed for double shear, 
the compression flange in drilled and planed work may be 
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made in single shear, with the same overlap of plates and 

length of covers as in the tension flange. The question of 

bearing area clearly does not arise in the single-shear joints. 

The advantages in grouping the joints instead of distributing 

them throughout the girder with separate covers to each are : 

(a) the girder can be riveted up in the bridge yard in sections 

of suitable length with regard to carriage ; (h) the quantity of 

material used in the covers is reduced, as well as the number 

of rivets required to be put in during the erection of the bridge. 

If separate covers are used for each joint, we should require, in 

the case of the iron joint, with three plates and rivets in single 

shear — 

^^ Vlht 1-1 X 22-25 ^^ , 
N = = — z r-T — = 20-4 



a 



2 X 0-6 
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or 22 rivets on each side of the joint, necessitating oover-plates 
4 feet long, so that for three joints the total length of covers 
would be 12 feet. In double shear — 

^^ 0-628i« 0-628 x 22*25 ,, ^ 
N = -V-= -2^0-6- - = "•« 

or 12 rivets on each side of the joint, necessitating cover-plates 
2 feet 4 inches long, so that three covers would measure 7 feet, 
whereas the group joint only measures 3 feet 4 inches. In the 
case of the steel joint, with five plates in double shear — 

^^ O-Sfct 0-8 X 22-25 , , ^ 
N = = -r — ^ .— = 14-8 

or say 16 rivets on each side of the joint, necessitating cover- 
plates 3 feet long each, so that five such joints would measure 
15 feet, whereas the group joint only measures 9 feet 4 inches. 
Joints in angle irons may be arranged as shown in Figs. 
266 and 267. 

.^rivets i intheapU'eh ^ , ^ 

7^ ^ ^ ^^^ ^ ^] /"Hf FlO. 268. 



/ stk^'SfiT'W^ ^rlYots t Inches p itch. 

3 c^ 
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In Fig. 266, it is necessary to provide an angle-iron wrapper 
which shall be equal in area to the main angle iron, thus — 

For 4 X 4 X i = (7i — ^)i = 3*3 square inches 
„8ix3ixf = (6f-|)f = 3-4 „ 

and the number of rivets required on each side of the joint is, 
since all the rivets are in single shear — 

N = — — — = 6-05, say 6 rivets 

so that the wrapper must be 2 feet 4 inches long. 

In Fig. 267 the joints in both angle irons are brought under 
the same wrappers, so that the area of the two wrappers should 
be made about 20 per cent, greater than the area of one of the 
main angle irons. It should be noticed that the rivets through 
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the angle irons and web are in double sbear, while those throogb 
the flanges are in sinf^e shear. 

Area of 2 angle wrappers, each Si x SJ x J = 2(6| - f )J 

= 4'3 square inches 

so that there is an eseess of one square inch in area over that 
of the main angle irons, which is about correct The rivet area 
is obviously sufficient for tensile and bearing resistance, and 
the total weight of covers necessary is less. 

The advantages of this joint over the method of providing 
a separate wrapper for each are : that the centre of gravity does 
not deviate from the axis of the girder, so that the stresses are 
oniformly distributed ; the smaller wrappers allow the rivet to 
be closed with a full head, as there is \ of an inch more space 
than with the thick single covers, at least half the rivets are in 
double shear, 

Jointa betreen Bracing Ban and Booma. — In riveted girders 
with parallel, curved, or polygonal booms,' it is necessary to so 
arrange the bars and plates that the vertical or diagonal bars 
of the web may be conveniently connected to them. 

For lattice girders abont 80 feet span, the methods illustrated 
in Figs. 269, 270, and 271 may be conveniently used. T and L 
irons may be obtained 9 inches deep, and the extra cost more 




than compensates for the convenience in the attachments of the 
bracing. For girders about 40 feet span, the method illustrated 
in Figs. 273 and 274 is convenient ; it was introdaced by Mr. A. 
M. Bendal for the Warren Girder Bridges, Indian State narrow- 
gauge railways. The channel iron section shown on Fig. 268 
may be used up to about 125 feet. Fig. 272 illustrates a 
method of forming the booms of a braced girder of from 120 to 
200 feet span ; the vertical stringer plates may be doubled or 
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made as thick as may be necessary, but they most not be made 
lesB than 1^ inch thick in any case, as they are liable to twist. 
Angle irons may be riveted to the bottom of the stringer plate, 
forming two channel iron sections. 

The sections illustrated merely suggest the various ways in 
which booms of braced girders may be built up of bars and 
plates in a convenient manner for the attachment of the bracing 



Q 00 o o o o ; 



bars. Other combinations will suggest themselves. In the 
bottom boom of a detached girder, for example, a series of 
vertical plates may be used, retaining one of the designs shown 
for the top boom. In a continuous girder, in consequence of 
the reversal of stress which occurs, the bottom boom should be 
constructed in a similar manner to the top boom. 

In designing the attachments of the bracing bars to the 
booms, the rivets should ba symmetrically arranged with 
reference to the axis of the bracing bars and boom, or the 
stresses will not be uniformly distributed. Fig. 275 shows 
a tension bar 6" x i", with 6 rivets 1 inch in diameter, but they 
are unsymmetrically arranged with refer- 
ence to the axis of the bar. The centre 
of gravity of the rivets is \ of an inch 
&om the axis of the bar. If two forces, 
each equal to the pull upon the bar P, 
equal say 74 tons, be supposed to act 
along the line passing through the centre of gravity of the 
rivets, they will not disturb the equilibrium, and we have a force 
P and a couple Pse, where « = §. The force P produces a 
uuiform stress /i, the intensity of which is — 



/.■ 



P_7vB 
° A ~ 2-6 ° 



: 8 tons per square inch 
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The couple Pa = § x 7*5 = 5 inch-tons, producing transverse 
stress upon the bar. If we denote the intensity of stress at the 
extreme fibres by /2, we have, since the bar is rectangular, the 
moment of resistance — 



^ = 3, and /a = 1 ton per square inch 
Hence the maximum tension produced will be — 

fi 4-/2 = 3 + 1 = 4 tons per square inch 

and the maximum compression — 

/i — /j, = 3 — 1 = 2 tons per square inch 

This unequal distribution of stress is avoided by arranging 
the rivets symmetrically or by the use of pins, but it is not 
always possible to obtain perfect symmetry with reference to the 
line passing through the centre of gravity of the booms. The 
axes of the bars should intersect on a line parallel to and in the 
same horizontal plane as the line passing through the centre of 
gravity of the boom. 

Professor Beilly states that '* the centre of gravity of the 
group of rivets must fall on the intersection of the mean fibres 
of the bars," and he further implies that the first rivet should 
be on the mean fibre. In Fig. 276, if the ten rivets shown are 
equal in resistance to the section of the plates less one rivet- 
hole, the arrangement is as good as it is possible to obtain. 

Consider the sections a, &, and c. At a 
the section of the plate is weakened to 
the extent of one rivet-hole ; section h is 
weakened by two rivet-holes, but the plate 
cannot tear across through the holes 
without the rivet on section a shearing 

fiG 276 

at the same time, consequently the 
shearing resistance of this rivet must be added to that of 
the plate resistance through h. At section c the plate area 
is reduced by four rivet-holes, but the two rivets on section 6 
and the one on section a must shear at the same time. 
If the resistance of the rivets to shearing is equal to the 
resistance of a strip of plate of a width equal to the sum of the 
diameters of the rivets, the strength of the joint will be reduced 
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by the diameter of one rivet-hole only. The foregoing examples 
illustrate the principles to be observed in designing the riveted 
joints and connections in braced girders ; other examples are 
given in the plates. 

Eye-ban. — Biveted joints and connections are characteristic 
of British and European practice in bridge-building, but in 
America the main connections of tension members, both in the 
lower chord and diagonal braces, are made by means of pins. 
The tension members consist of eye-bars, which are designed so 
that the weakest section is in the bar itself. 

Fig. 277 represents a form of hammer-forged eye-bar, which, 
according to Professor Burr, has stood the test of long American 
practice. It may be drawn as follows : — 

Let w denote the width of the bar, and r the radius of the 
pin ; then make lih = O'Slir, and abc a semicircle with Oi as 
centre and radius = r + 0'66tc ; ooi = ooo, and the curves ef and 




' — tatr w--i ---taw-- ^ 








FiO. 27 7. 



UifdrauUe forged. 

Fro. 278. 



Kii^uldu. 

Fig. 27». 



dg are portions of a semicircle of the same radius as ahc. The 
curve joining ef and dg to the bar is made so as to give a large 
amoxmt of metal in the vicinity of 02,/ and o^g. 

Fig. 279 shows a form of hammered head based upon ex- 
periments made by Mr. Eirkaldy. The head is frequently 
made circular, as shown in Fig. 278, in which case the eye-bar is 
forged by hydraulic machinery. If it is desired to thicken the 
head so as to limit the mean intensity of pressure on the bearing 
area of the pin, let P denote the safe intensity of pressure ; T, the 
maximum intensity of tensile stress in the bar ; t, the thickness 
of the bar ; and «i, the thickness of the head ; then — 

irtT = 2rp<i, and h = - 

2rj) 

Size of PinB. — The diameter of the pin should be at least 
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sufficient to resist crashing and to limit the intensity of the 
pressure on the bearing area of the eye-bar to a safe amount. 
Let d denote the diameter of the pin, then idp = Ttir. 

/. a = u> 
P 

The ratio of the safe working intensity of tensile stress, T, 
to the compressive stress, P, is about |, so that the smallest 
permissible diameter of the pin is — 

d = iw 
The smallest diameter usually taken is — 

In Mr. Kirkaldy's eye-bar the diameter of the pin, d = 0'66 ir, 
is the smallest which will break the bar. The diameter of the 
pin is usually greater than this valae, as the pull of the eye- 
bars in the bottom chord and diagonals tend to bend it 

The maximum bending moment on the pin must be found by 
resolving all the forces which act upon it both horizontally and 
vertically; thus if M^ denote the sum of the moments of the 
horizontal forces, and M^ the sum of the moments of the vertical 
forces, then — 

fl 
M =' — ; which becomes 

y 

wfiP 
M = - • since the section is circular. 

The value of/ is usually taken as 15,000 lbs. per square inch 
for iron, and 20,000 lbs. per square inch for steel ; so that 
we have — 

d = 0-089^M (iron) 
d = O-OSl^M (steel) 






It is usual to select the proper diameter of the pin, when 
the bending moment M is known, from tables calculated by the 
two last formuka. 
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The bending moment M may be calculated with sufficient 
accuracy on the assumptions — 

(a) That the pressure applied to any pin has its centre at 
the centre of the surface of contact. • 

(6) That the centre of pressure is the centre of such a 
surface as will reduce the intensity of pressure on the bearing 
area to its safe maximum value, which fm. 280. 

for wrought iron is about 12,000 lbs. 
per square inch, or about one-half of 
what has been found to be the limit 
for rivets. The pin does not fit the 
hole, as there is generally a clearance 
of ^Q of an inch, and the surface over 
which the pressure is actually exerted 
increases with the stress in the bar 
from a line contact to a surface more 
or less approaching dt. 

Referring to the joint shown in Fig. 281, and denoting the 
distances between the centres of the eye-bars by «!, x^^ x^, etc., 
and the maximum tensile stress in the various bars by Ta,T6,Tc, 
etc., we have — 





ibout the centre of eye-1 


barD ... 


Ta(«,) 


>j >> >> 


s ... 


Ta(«i + «2) - Ta(«,) 


9> 99 99 


E ... 


T„(a!j + «, + ass) - Ti(asj + »,) 

+ T»(fl!b) 


>> >> 99 


... 


Ta («! + «» + <B3 + aSl) 

- T^(a!j + x^ + X4) 

+ T„{», + X,) - T«(«4), etc. 



The stress in the counterbrace R does not usually act when 
the maximum stresses occur in the pin, and may therefore be 
neglected. The stress in the diagonal brace G must be 
resolved both horizontally and vertically, and the moments of 
the horizontal component about the centre of the post F added 
to the sum of the moments produced by the eye-bars in the 
bottom chord about the same point; the result M;^ must be 
added to the moment of the vertical component M„ about the 
same point, thus — 

The resultant may also be found thus : Set oflf Ma; to scale 
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representing the moment of the eye-bars in the bottom chord 
about the centre of the column F, and M^ also to scale in a 

direction perpendicular to that of the 
diagonal brace G, representing the moment 
of the diagonal brace about F. Complete 
the triangle ; then M will represent to scale 
the magnitude of the greatest moment to 
which the pin is subjected, and its direc- 
tion is the axis of the moment. The 
maximum bending moment in the pins of 
the lower chord will generally occur when 
the bridge is loaded completely, but in 
the upper chord when the bridge is partiaUy 
loaded. 

The eye-bars should be grouped so that they are symmetrical 
with reference to the axis of the lower chord, and so that the 
positive and negative bending moments tend to balance each 
other as much as possible. It will be observed that if the eye- 
bar is thickened in order to reduce the pressure on the bearing 
area, the length of the lever arm is increased with a corre- 
sponding increase in the bending moment, necessitating a 
larger pin. When the size of the pin is sufficient to resist the 
maximum bending moment, and for bearing area, it will be 
amply sufficient to resist shearing. 

Joints in Iron Boofs. — The student will best understand the 
method of designing the joints in connection with roof-con- 
struction by examining the working drawings of roofs already 
built, or by inspecting the roofs themselves. 

The few examples of joints in roof-construction which can 
be given in this chapter have been selected from some well- 
known roofs. 

Figs. 283 and 284 illustrate the junction of the tie with the 
curved bow, and the junction of the strut and tie of the web to 
the curved bow, in a curved roof over the volunteers' drill-hall 
at Port Elizabeth. The curved bow and the main tie are each 
constructed with double angle irons, so that the detail at the 
ends over the supports consists of a web plate between the 
angle irons uniting the upper and lower members, and two 
angle stiflfeners uniting the ends to the bed-plate. The junction 
of the tie and strut to the curved bow is effected by means of a 
junction-plate inserted between the angles, and extending suffi- 
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ciently below the bow to 
allow room for the neces- 
sary number of rivets 
tmiting the tie and strut to 
the junction-plate. These 
rivets are in single shear, 
\ of aninch in diameter, but 
those through the double 
angles and junction-plate 
are in double shear. 

Figs. 285, 286, 287, 
and 268 represent the de- 
tails of two of the joints 
in the roof principals over 
the railway station at Pen- 
zance. Here the curved 
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ciently in the direction of the tie to enclose it between the plates 
and to give room for six rivets in double sheax. It should 

^ be noted that pack- 

ing pieces are nsed 
to avoid bending or 
cranking of the jnne- 
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tion-plates; packing 
pieces are also used 
at the ends of the 
bracing at the junc- 
tion with the main 
tie, Fig. 288, and in 
both cases theymight 
have been avoided by 
riveting reinforcing 



plates on each side of the tie-rod in Fig. 285, and on each side 
of the strut and tie in Fig. 287. Packing pieces tend to cause 
bending in the rivets. 

Fig. 289 represents the attachment of the main tie to the 
principal rafters in the roof over the railway station at Broad 
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Fig. 290. 
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Street, London. In this case a cast-iron shoe is used for 
receiving the end of the principal, which forms also a bed-plate 
on the supports. The tie-rod is connected by means of gibs and 
cotters to the side plates or straps, and the latter are connected 
to the rafter by means of a turned pin. This adjustable connec- 
tion allows the tie-bar to be put in initial tension, thereby ensuring 
its prompt action in resisting the stresses developed in it. 

Figs. 293 to 296 illustrate some of the details of the main 
crescent, or sickle-shaped, truss over the railway station at 
Lime Street, Liverpool. 
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The conneetioii of the main tie to the bow. Fig. 293, is 
effected by means of gibs and cotters, which allow the tie-rod to 
be initially stressed. The main tie consists of four bars, each 
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5i inches by -H of an inch, and there are foor straps 8 inches 
by -fl of an inch, formed with eye-bars at one end and two rect- 
angular slots at the other. The straps ate tmited to the bow 
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Fig. 297. 



by means of a tamed pin, and to the ends of the tie-rods 
by means of gibs and cotters. The main bow is constructed 
with four angles, web and flange plates of the ordinary plate 
LimB Stnet Stativn Rod. ^eb girder section, exceptmg at 

J ' / / mjn *^^ ends, which are widened out 

Lirerpool, LkAWJi. jj^ jj^^ manner shown in Pig. 298, 

to give room for the tie-bars and 
straps. 

The detaU is folly illustrated 
in the various figures, and needs 
no further explanation. Figs. 
297 and 298 illustrate the con- 
nection of the centre braces to 
the bow and tie-bars. The 
braces are all constructed of four 
angles, splayed in the centre to 

rf ^. ^ . f a parabolic form, and they are 

Cann^wn cf centre imeee ^^^ ^^ ^j^^^^ ^^ j^^ti^^ 

tdbmand tie bars. plates, which latter are attached 

to the bow by means of double angle irons and to the tie-bars 
by means of turned pins. 
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Fig. 303. 



Cannon Stna StatUn. S.EJL 

Figs. 299 to 303 illustrate the methods adopted for connect- 
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ing the bow and main tie to the compression and tension 
members of the bracing in the roof over the railway station at 
Gannon Street^ London. The roof is similar in form to that at 
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Fig. 305. 



Plan. 



Foot of Main Stmt, 
S^ Davids Station^I^jceten 

Lime Street, Liverpool, but the web bracing is redundant and 
the tension members are made adjustable. 

Figs. 804 and 305 represent the detail at the foot of the main 
strut in the roof over St. David's Station at Exeter. Here the 
strut is made adjustable by means of the screwed connection 
with the main tie. 

Figs. 306, 307, and 308 represent the junction of strut and 
tension rods to the upper member of the truss and the main 
tie in the roof over the Junction Station at Bristol. Here the 
strut is made adjustable by means of screwed connections at 
each end, and the main tie and tension braces are provided with 
union screws. 

Joints in Timber. — Figs. 309 and 810 represent the plan and 
elevation of a tension joint in timber, consisting of two cover- 
plates notched into the beam at each end and bolted as shown. 
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The beam is weakened to the extent represented by the le- 
dnction of area doe to the notching, and the length of the 
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notches on either side of the joint most be sach that the shearing 
resistance will be eqaal to the tensile resistance of the beam at 
the redaoed section, neglecting the resistance of the bolts. 
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Clearly the thickness of the two cover-plates in the centre 
must equal the reduced thickness of the beam if the same 
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material is used for both, which is indicated in the figure by t 
and 2t. Again, the shearing areas cd and ef must be equal. The 
depth of the two notches must be sufficient to offer a crushing 
resistance equal to the tensile resistance of the reduced area of 
the beam. 

Assuming the following data for the intensity of working 
stress in pounds per square inch for Baltic fir and ironbark, we 
may [dimension the right-hand side of Fig. 809 for the latter 
material, and the left-hand for the former. 

Tension for Baltic fir, 1800, for Ironbark, 4000. 
Compression „ „ 1100, „ „ 2000. 

Shearing „ „ 140, „ „ 400. 
Bearing „ „ 1800, „ „ 4000. 

Let h = breadth of beam. 
d = depth „ „ 
I = length of notch. 
X =: depth of notch cut in beam. 
t = thickness of cover at the centre. 
2t = thickness of reduced section of beam. 
If we take the depth of the beam 12 inches, and the breadth 
9 inches, we have for Baltic fir — 

2* = 6 - 2a; 
.-. 2^ = 9 - 2a?, and * = 4-5 - x 
/. t = \lx = 4'6 — 05 
since 1300^ = lioOte 

/. X = 2*4 inches, and t = 2*1 inches, and 1800^ = 1041 
.'. t = ^^qI = 2-lZ 
.-. I = 19-5 inches 

For ironbark — 

t = 4*5 — (0 as before 
but 4000^ = 2000a; 

X 

.-. t =r - = 4-6 - a? 

.'. (c = 8 inebes, and t = 1*5 inobes, 4000t = 400Z 

I 
.•..= - = 1.5 

.*. { =: 15 inches 

In both cases the strength of the joint is much less than the 
beam, in consequence of the reduction of area due to notching. 
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The Baltic-fir joint has an efficiency of 47 per cent, nearly. 

The Ironbark ,, „ ,, 84 ,, „ 

The joints shown in Fig. 811 would naturally suggest them- 
selves, in which the crushing and shearing resistances are the 
same as in Fig. 809. 

Neglecting the resistance of the bolts, the dimensions may be 
as shown — 

Efficiency of Baltic-fir joint = 82 per cent. 
Efficiency of Ironbark joint = 77*7 per cent. 

If the bolts are considered we should not have to cut the 
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notches so deeply, or the efficiency would not be increased, but 
the length of the notches and spaces between them would not 
require to be so great. 

The objection to this and the preceding joint is that the 
timber is notched at right angles to its length, rendering it 
likely to fracture at yy with a lower stress than the reduced 
area would resist under favourable circumstances, so that the 
efficiencies given above are probably too great. 

Fig. 812 shows a modification of the joint shown in Fig. 311, 
which may be taken to have the efficiencies above stated, as it is 
not so likely to fail in consequence of sharp comers. 
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Figs. 813 and 814 illustrate a form of joint used in Australia 
in the bottom chords of timber truss bridges, which are frequently 
constructed of ironbark timber. The form of the truss is in- 
dicated in Fig. 168, Chapter VIII., and the joint under considera- 
tion occurs in the third and sixth bays. The chord is constructed 
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with four beams, each 4^ inches wide by 14 inches deep, bolted 
together with bolts 1 inch in diameter, arranged in a zigzag 
form, 10 bolts being used in each bay. The apex loads and 
stresses have been considered in Chapter YIII. 

The joint is designed for a maximum tensile stress of 109*1 
tons, and the chord for this stress, as well as for the transverse 
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stresses due to the loads discharged by the cross-beams between 
the panel-points. The dimensions and arrangements of the 
bolts and cover-plates shown in Figs. 818 and 814 have been 
arrived at after a series of experiments on full-sized joints of 
similar construction. In all cases the joints experimented upon 
failed by the bending of the bolts and the crushing of the fibres 
of the timber on the bearing area, and the following safe working 
stresses per bolt were deduced : — 

Bolts 1^ inch in diameter — 1*85 ton stress in single and 8*7 
tons in double shear. 

Bolts 1 inch in diameter — 1*84 ton stress in single and 2*68 
tons in double shear. 

In this way the strength of the joint shown in Figs. 818 and 
814 may be estimated by considering the strength of the bolts 
thus — 

16 bolts \\ inch in diameter in single shear = 16 x 1*85 

= 29-6 tons 

24 bolts \\ inch in diameter in triple shear = 8 x 24 x 1*85 

= 188-2 tons 

The total strength of the joint, neglecting the |-inch cover- 
plates, is 162*8 tons. The joint is therefore excessively strong. 

Figs. 815 and 816 illustrate another form of joint used in 
the bottom chords of trusses indicated in outline in Fig. 169. 
In this case the chord is made up of two beams, each 12 inches 
deep by 6 inches wide, spaced. 
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There are two strips on each oover-plate, 2 inches long by 1 
inch wide by 12 inches deep, which fit into corresponding notches 

cut in the timber. The 
maximum tensile stress in 
this case is 53*04 tons. 
The strength of this joint 
pJ \ may be considered with 
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TTT^T^ ing strength of the timber 



at the notches, thus — 



Strength of two notches m half-chord = 2 x 1" x 12 x 2000 

= 48,000 lbs. = 21-4 tons 
4 bolts in double shear 1 inch diameter ^ 10*72 „ 
2 „ single „ 1 „ „ =2*68 „ 



Total strength of half-chord = 34*80 tons. 
Total „ whole „ =69*6 „ 

This joint is therefore abundantly safe, since the maximum 
tensile stress is only 53'04 tons. There is an advantage in 
regard to the number of notches ; two surfaces may be arranged 
to bear equally, whereas with a greater number it is practicaUy 
impossible to obtain the same bearing pressure on each notch. 
The shearing resistance along the fibre should be at least equal 
to the crushing resistance, but this does not arise in the joint 
under consideration, as the area of the timber between the joint 
and the notch multiplied by the shearing strength is obviously 
greater than the area subjected to crushing multiplied by the 
crushing strength. 

Again, the area of the timber in tension is only slightly 
reduced by the notch and the bolts, and need not be considered, 
as it is obviously excessive. 



CHAPTER XIV. 

DECKS OF IRON AND STEEL BRIDGES. 

The deck of a bridge usually consists of cross-girders, some- 
times called floor beams, and longitudinals, sometimes termed 
stringers. The cross-girders are spaced at the same distance 
apart, centre to centre, as the apices of the triangles in lattice 
girders, or at the panel-points of trusses. In a railway bridge, 
the sleepers, rails, guard rails or timbers rest directly upon the 
stringers, and these discharge their load upon the cross-girders, 
which in like manner discharge their load upon the apices or 
panel-points of the main girder or truss. 

The weight of rails, guard rails, spikes, sleepers, etc., in rail- 
way bridges for heavy traffic may be taken as 400 lbs. per lineal 
foot of bridge for each line of way. 

The stringers in truss bridges are usually constructed as 
plate web girders, having an effective depth of from ^ to ^.2 ^^ 
the span; but in lattice girders, where the distance between 
the apices is much smaller than in truss bridges, rolled iron or 
steel girders are frequently used. Stringers of iron or steel are 
spaced from 6 to 8 feet centres transversely to the bridge. 
Where timber is cheap, timber stringers consisting of two or 
more groups of beams are spaced 5-feet centres, so that the 
middle of each group is immediately under the rails. 

Timber stringers usually rest on the top flanges of the 
cross-girders, but iron or steel stringers may rest in a similar 
manner upon the top flanges of the cross-girders, or be built 
into them (see Plate 11.) . 

The cross-girders are usually constructed of plate web 
girders, and are riveted to the vertical compression members 
in truss bridges, or suspended by means of hangers. In girders 



236 



Engineering Construction. 



with troagh^sbaped bottom booms, the cross-girders are attached 
immediately above or below the apices of the triangnlation, or 
panel-points. 

The open deck illustrated in Fig. 118 is commonly used in 
America, but occasionally in England, and more frequently in 
the colonies. The deck is formed (if of timber) by means of 
planks from 8 to 4 inches thick, laid diagonally or transversely. 
Upon this floor is laid the ballast and sleepers as a loose road, 
which is maintained in the same manner as the permanent 
way on the rest of the railway. In many English railway 
bridges. Mallet's buckle plates or cambered plates of iron or 
steel are riveted to the cross or longitudinal girders, fonning 
a continuous metal floor, upon which the ballast, sleepers, and 
rails are laid as a loose road as before. There are various 
systems of flooring suitable for bridges, such as Hobson*s 

Table XLYH. 



Diagonal Plate Syttem {Sted). 




Diagonal Platb System 
(Steel). 

Breaking weight in tons. 



Fig. 317. 



Span in 


Ends sup- 1 


Ento 


feet. 


pouted. 

1 
74 


fixed. 


20 


112 


22 


67 


101 


24 


62 


93 


26 


57 


86 



Arched PlaU Syilem (Steel). 



Table XLVUI. 

Arched Plate Ststbm (Steel). 
Breaking weight in tons. 




Fig. 318. 



Span in 
feet. 



16 
20 
22 
24 
25 



Endsanp- 
poited. 



69 
55 
50 
46 
44 



Ends 
fixed. 



104 
83 
76 
69 
67 



patent flooring, shown in Figs. 817 and 318. Fig. 319 is a 
trough section manufactured by Messrs. Braithwaite and Kirk. 
Lindsay's patent flooring may be used in a similar manner ; 
also Westwood and Baillie's corrugated flooring. 
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All the forms of bridge floors illustrated in Figs. 317, 318, 
and 819 may be nsed without either cross-girders or longi- 
tudinals, provided the height and pitch of corrugations or 
troughs, and the thickness of metal, are proportioned with regard 
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to the maximum concentrated wheel loads. The strength of 
the troughing when connected together in a bridge floor is very 
great, as each trough acts as a girder ; again, a load concentrated 
on one trough would be partly borne by adjacent troughs. 

Figs. 817 to 819 are very suitable for bridge floors where 
the headway is limited, as the sleepers lie in the troughs, well 
supported by ballast. All these forms may be obtained of 
various sizes and thicknesses of metal in iron and steel, and 
they are largely used for bridge decks. Fig. 319 is shown on 
Plate v., as applied to a highway bridge. 

The decks of bridges are very varied, and must be determined 
with reference to the locality and nature of the traffic. In 
towns the standard form of street-paving will influence the 
design of the decks of the bridges. For country bridges the 
decks may be formed as illustrated in Fig. 108 and Plates III. 
andV. 

The deck of a bridge forms an invariable portion of the dead 
load, and is independent of the span of the main girders of 
trusses. 

To design the floor of a bridge consisting of an American 
deck resting upon stringers 20 feet long, measured from centre 
to centre of the cross-girders. The cross-girders are attached 
to the panel-points of the main trusses, and have an effective 
span of 15 feet. Let the four driving-wheels of the consolida- 
tion locomotive, Fig. 326, be arranged symmetrically on the 
longitudinal stringers, so as to produce the maximum bending 
moment (Fig. 320). 

The dead load, consisting of rails, sleepers, spikes, guard 
rails, etc., as shown in Fig. 113, may be taken as 400 lbs. 
per lineal foot of bridge, or 200 lbs. on each stringer. The 
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weight of the stringer itself may be assumed to be 110 lbs. 
per lineal foot ; so that the total dead load is — 

(110 + 200)20 = 6200 lbs. = (say) 8 tons 

The maximum bending moment due to the dead load is — 

WZ 3x20 ^^. ,, 
— = — ~ — = 7'5 foot-tons 

o o 

The maximum bending moment due to the live load is — 

12(2-625) + 6(5-75) = 66 foot-tons 
The total bending moment is — 

66 + 7-6 = 73-5 foot-tons 

If the material is steel, the working stress by the new French 
formula is — 

This working stress is high for longitudinals, and the formula 
appears to give greater values than would be allowed in the 
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best American practice where the impact is considerable. We 
will therefore adopt 4*5 tons as the working stress. 

Let the effective depth be taken as -^ of the span, or 
2 feet, then the moment of resistance is — 

fad = 4'5 X 2 X a = 9a foot-tons 

73'5 
.'. 9a = 73'5, and a = — — = 8*2 square inches 

*/ 

Two angles 5 x 3j^ x | may be used both for the top and 
bottom flanges ; thus in the bottom flange the effective area is 
2(7^ - 1)1 = 8-75 square inches, which gives the necessary 
area. 

Bivets. — ^Assume that the rivets are I inch diameter and 4 
inches pitch ; there will be, therefore, 3 per foot, each 0-6 square 
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inches area, or a total of 1*8 square inch. The maximum shearing 
stress will occur at the points of attachment of the longitudinals 
to the cross-girders when the live load is so distributed that 
the first driving-wheel is close to the cross-girder ; the shearing 
stress will then be about 14 tons, or 7 tons per foot horizontaUy 
and vertically. Let / denote the intensity of stress upon the 
rivets; then — 

1*8/ = 7, and/= 3*9 tons per square inch 

The rivets in question are in double shear, hence this stress 
is very safe for shearing. 

The pressure on the bearing area may be denoted by jp; 
then, if we have a |-inch web plate — 

jpx8x^x| = 7, and 2? = 7 tons 

which is safe for steel, hence |-inch rivets 4 inches pitch are 
sufficient. 

Thickness of the Web Plate. — The method of determining the 
thickness of the web plate must take into consideration the 
maximum intensity of shearing stress and the tendency to 
buckle. It has been shown that the intensities of shearing 
stress on two planes at right angles to each other are equal, 
and it is usually assumed that the web resists the whole of the 
shearing stress in a plate web girder, and that this shearing 
stress is equally distributed over the depth of the web. 

If a series of planes inclined at 45° be drawn so as to divide 
the web plate into a series of strips of one inch wide, then each 
of these strips may be treated as a column, the length of which 
is equal to the effective depth of the girder multiplied by the 
secant of 45°. The load upon these elementary columns is 
the mean shearing stress acting over an area of 1 inch by 
the thickness of the web. 

Let I = the length of the column = d sec 45°. 
t = the thickness of the web. 
/ =: a constant for the material = 16 tons for wrought 

iron or steel, 
a s= a constant depending on the section and method of 

fixing = 3^^ for rectangular sections. 
h s= the buckling stress per square inch. 
Then, by Bankine's and Gordon's formula — 
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Let t = I 



^ + <7) ^ + 8^(7) 

/ = 24 X 1-414 = 33-936 = 84 (say) 

. / 84 

.'.- = -=90-7 



« X 



and {A = 8226-49 

16 480000 



6 = 



8226-5 112265 



3000 
= 4*2 tons per square inch 

The intensity of shearing stress per square inch is — 

12^^ = '•''*"" 
Hence the factor of safety against buckling is — 

4-2 
-^ = 2-9 nearly 

In Mr. Theodore Cooper's standard specifications for iron 
and steel railroad bridges and viaducts, the webs of plate web 
girders are referred to as follows : '* The webs of plate web 
girders must be stiffened at intervals of about the depth of the 
girder wherever the shearing strain per square inch exceeds 
the strain allowed by the following formula : — 

Allowed shearing stress in pounds = 

■*■ 3000 
where H = ratio of depth of web to its thickness ; but no 
web plate shall be less than j[ inch thick. 

Applying this formula to the foregoing example — 

Allowed shearing stress) 12000 



in pounds j~ i .0^.2 

1 + 



1 /24Y 

3000\ \J 

36000000 

= 5073 



7096 
= 2*22 tons per square inch 
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So that the shearing stress in the | web plate is less than this 
amount, and it is therefore safe. 

A common role in America is to pat in stiffeners when the 
intensity of shearing stress exceeds 4000 lbs. per square inch. 

The function of the stiffener is to stiffen the web by support- 
ing the elementary columns and preventing them from buckling. 
They should be spaced at intervals not exceeding the depth as 
the girder, and usually consist of double angles riveted to the 
web plate. 

There will be no necessity for stiffeners in the longitudinal 
stringer. 

The weight may now be calculated thus : — 

88 feet of angles 5 x 8} x | at 16-7 lbs. per lineal foot ... 1470 lbs. 

20 feet of web plate 28" x I" at 85 ,, „ ... 700 



Total weight lees rivet heads ... ... ... 2170 

Add 4 per cent for rivet heads ... ... ... ... 87 



>» 



»» 



Total weight ... ... ... ... 2257 „ 

2257 
The weight per foot run is -07^-= 112'85 lbs., which is very 

slightly above the assumed weight of 110 lbs. per lineal foot, 
so that no recalculation is necessary. This longitudinal is 
illustrated on Plate II. 

CroBs-CKrden or Floor Beams. — The dead load upon the cross- 
girders is the weight of the rails, guard rails, sleepers, and 
longitudinal stringers, also the weight of the cross-girder. It 
will be most convenient to consider both the live and dead load 
as concentrated at the points of attachment of the stringers; 
hence we have the load discharged by each stringer — 

(200 4- 118)20 = 6260 lbs. 

Assume that the cross-girder weighs 160 lbs. per foot, 
therefore the load concentrated at the points of attachment of 
the stringers will be, since the cross-girders are 15 feet span — 

6i X 160 = 825 lbs. 

Therefore the total concentrated dead load is — 

6260 + 826 = 7086 lbs. = 8-16 tons 

To find the maximum live load upon the cross-girders, we 
must find the maximum reaction produced by the engine wheels 

B 
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on the two longitadinal Btringers on each side of the cross- 
girder. It can easUy be proved that the maximum reaction will 
occur when the sum of the loads on the left of the cross-girder 
is as nearly as possible equal to the sum of the loads on the 
right. Hence with the consolidation engine. Fig. 826, the 
fourth wheel will rest immediately over the cross-girder. Pig. 821. 
The reaction on the middle cross-girder from the loads on 
the left is — 

Ri = A {4(1-67) + 6(9-75) -I- 6(15-6)} = 7 tons 

The reaction from the loads on the right is — 

Ea = ^^o {4(8-59) -I- 4(8-42) -f- 6(15-5)} = 7*9 tons 

The total reaction which gives the maximum live load on 
the cross-girder is — 

E = Ei-l-Ea + 6 = 7 + 7-9 + 6 = 20*9 tons 

Hence the girder is loaded as shown in Fig. 821. 
The maximum bending moment is — 

24 X 4 = 96 foot-tons 

The working stress may be taken the same as in the longi- 
mAmm M^ttn» tudinal, viz. 4-5 tons per 

L ,^' J square inch, as the same 

^ _-^'_ 1 r ^»_ •'-^ remarks apply here as in 

#iteM «/amw the longitudinals with re- 

^o- 32^- gard to impact. 

The total depth should be arranged so as to reduce the 
flange section, and leave room for the attachment of the 
stringers to the web plate direct without packing pieces ; 8 feet 
effective depth will be convenient. 

The moment of resistance is — 

/od = 4-5 X 3 X a = 13-5a 
.-. 18-5a = 96 

.-. a = ~— = 7-1 square inches 
18-5 ^ 

Hence the flanges may be made in a similar manner to those 
of the longitudinal stringer, but with angles 5 x 8i x i, thus— 

Two angles 2(8 - |)i = 7-125 square inches 
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Bivets. — ^Assume that the rivets are J of an inch in diameter 
and 4 inches pitch as before, then — 

1-8/= V- 

/./= 4' 5 tons per square inch 

which is safe, since the rivets are in double shear. The pressure 
on the bearing area is — 

.\p = 8*1 tons per square inch 

which is safe for steel. 

Thickness of Web. — It now remains to be seen whether the 
web is thick enough to resist buckling. 

The maximum intensity of shearing stress is — 

24 

— = 1"77 ton per square inch 

3 X 12 X f ^ 

which is safe, according to Mr. Cooper's rule, without stiflfeners ; 
the attachment of the stringers will, however, considerably 
stiffen the web over the 5-feet panels, while the middle panel 
is hardly stressed at all. 

If we apply Bankine*s formula, the factor of safety against 
buckling is about 1*7. This factor is very small, but when the 
assumptions are considered upon which the buckling stress is 
calculated it is clear that the factor of safety is imderstated, and 
therefore the f -inch web may be adopted. 

The weight of the cross-girders may now be calculated — 

72 feet of angles 5 x 3} x } at 13*9 lbs. per foot 

15 „ web plate 39J" X r at 50 „ „ 

4 „ angles to support stringer, at 50 lbs. 



100 L lbs. 


750 


»■» 


50 


»» 


1801 


n 


72 


u 



Add 4 per cent for rivets 

Total weight of oioss-girder ... ... ... 1873 „ 

or 126 lbs. per foot run, which is considerably below the 
assumed weight of 150 lbs. per foot, so that no recalculation 
is necessary. 

The weight of the stringers and cross-girders per lineal foot 
of truss is 814 lbs. 

The web plate between the stringers may be replaced with 
two angles 3 x 8 x |, as the shearing stress is practically 
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nothing. If this is done^ the weight per foot run of tniss is 
801 lbs. 

In the cross-girder shown on Plate 11., for which the above 
calculation was nsed, the thickness of the web is increased, as 
the cross-girders act as compression members in the lower 
lateral system of wind bracing. For the same reason the plate 
is retained throaghont the web, the central 7 feet not being 
replaced with angles. 

The open deck which we have investigated would not be 
suitable for a bridge over a street in a town, and some form of 
continuous deck would have to be adopted ; this would, however, 
add considerably to the dead load to be carried. 

In the case of a floor of f plates riveted to the top flanges 
of the cross-girders and longitudinals, if these are used, we should 
have for the plate floor, ballast, sleepers, and rails about 1400 
lbs. per lineal foot of bridge instead of 400 with the American 
deck. 

Sir B. Baker estimates^ the weight of the deck and wind 
bracing for a double-line railway bridge as follows :— 

Table XLIX. 





Dead load per foot run ezclosiYe of main gtrdcm 


Span In feet. 










When uere are two 


Wnenoere mre three 


When there are fMir 




msingtrdera. 


main girders. 


main glrdera. 




cwt. 


cwi. 


cwt. 


10 to 100 


14 


12 


10 


100 to 150 


15 


18 


11 


150 to 200 


16 


14 


12 


200 to 250 


17 


15 


IS 


250toS00 


18 


16 


14 



The weight of the deck in a road bridge is easily estimated 
when the design and live load to be carried is decided upon. 

» " Long Span Bridge«»" by Sir B. Baker. 



CHAPTER XV. 

\7EiaHT OF MAIN TBU8SES AND GIRDERS. LIVE LOADS UPON BRIDOES. 

In a single-line through bridge of from 100 to 250 feet span 
with an open deck, as shown in Plate II., the tension members 
consisting of eye-bars with pin connections, the weight per 
lineal foot may be assumed, for the purposes of calculation, to 
be two and a half times the span in feet for each truss. 

In a double-line the weight of each truss in pounds per 
lineal foot will be about five times the span in feet. 

If the bridge is a deck bridge, carrying the load upon the top 
of the main trusses, with no cross-girders or stringers, the 
weight per lineal foot will be about 120 lbs. less than a through 
bridge of the same span. 

The weights of stringers and cross-girders may generally be 
assumed, for the purposes of calculation, with sufficient accuracy 
after a little experience ; but the following formula, proposed by 
Professor Unwin, may be used both for these girders and the 
main girders constructed of plate webs or lattice bars : — 

Let Wi = the weight of the girder. 

W = the total equivalent uniformly distributed load. 
I = the effective span. 
r = the ratio of span to effective depth, 
c = a constant. 

8 = the intensity of working stress per square inch. 
a = the mean gross area of both booms or flanges in 

square inches. 
Then— 

WZr 

C8 — Ir 

To find c from girders of known weight — 

4al 



1 
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Examples of this formula are given in connection with the 
design of plate web-girder bridges. 

This formula is based upon the assumption that two-thirds 
the weight of a well-designed girder is in the flanges, and that 
the weight is proportional to its length and the area of the 
central cross-section of the girder. 

The tables on pp. 247, 248 have been compiled from the 
quantities of material in some highway bridges, which have 
been designed to carry a live load of 84 lbs. per square foot 
of deck as well as the traction engine shown in Figs. 322 and 823. 

live Loads upon Bridges. — In a highway bridge, the greatest 
live load is generally produced by a dense crowd of people, 
which may be taken to weigh about 140 lbs. per square foot. 
Such a dense crowd will rarely ever extend over the whole of the 
bridge excepting in towns, and the live load usually provided is 
somewhat as follows : — 

Table L. 



SpanlnfMl. 



Live loftd In pounds per aqiun 
foot. 



Oto 30 

30 „ 50 

50 „ 100 

100 „ 200 

200 „ 500 



100 to 120 
90 „ 110 
80 „ 100 
60 „ 80 
40 „ 75 



Mr. Theodore Cooper recommends ^ that for city and subur- 
ban bridges. 

Class A. — " A load upon each square foot of floor, including 
foot-walks, of 100 lbs. for all spans up to 100 feet ; of 80 lbs. 
for all spans over 200 feet ; and proportionately for interme- 
diate spans. 

"Or a steam-roller load of 15 tons, arranged as follows :— 
6 tons on forward axle, and 9 tons on rear axle ; axles 11 feet 
apart ; rollers 20 inches wide, the two on forward axle placed 
2 feet 6 inches centre to centre, and the two on rear axle 6 feet 
centre to centre." 

Class B. — " Bridges liable to the passage of excessive loads 
from quarries or special manufactories. 

> ** General Specifications for Iron and Steel Highway Bridges." 
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'^ A load upon each square foot of floor, including foot-walks, 
of 80 lbs. for all spans up to 100 feet ; of 60 lbs. for all spans 
over 200 feet, and proportionately for intermediate spans. 

'^ Or a concentrated load of 8 tons on two pairs of wheels, 
8 feet centres." 

Cfa«« C. — " Country highway bridges. 

'^ The same loads per square foot of floor as for Class B., or 
a concentrated load of 5 tons on two pairs of wheels 8 feet 
centres." 

Figs. 322 and 323 show the wheel loads produced by a traction 
engine, which highway bridges may have to carry, and it should 




— — i«'« ^ f- — - 



4. tf .} y «-«.«- ^ 



ttlans 

FlO. 322. 




Hf* 



- J'.«T--.| 



Fig. 333. 



be considered as passing over the bridge close to the kerb for 
stresses in the main girder, and in the centre for the stresses in 
the cross-girders. 

In railway bridges it is the common practice in England to 
estimate the live load in tons per foot run, which would produce 
the same stresses as those occurring when the heaviest engines 
and trains are passing over the structure. 

The same practice obtains to a large extent in America, where 
the standard train used consists of two consolidation engines of 
the heaviest type, followed by the heaviest train in use on the line. 

The concentrated-load system consists in finding the position 
of the wheel loads of the two engines and the uniform load 
behind them which produce the maximum stress in the particular 
member of the structure under consideration, and then to calcu- 
late the stress on the member for this position of the wheel loads 
and train. The process is repeated for each member of the 
structure. 

Another system in use in America consists in using the 
uniform train load over the structure, with an engine excess so 
disposed as to produce the maximum stress on the member of 
the structure under consideration. 
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The first and third methods are approximate, the second is 
exact for the particular engine and train loads assumed. 

The advocates of the concentrated-load system maintain that 
a uniform load, or equal loads concentrated at the panel-points, 
does not represent what actually occurs when two coupled 
engines followed by a train pass over the bridge, and the same 
applies to a less extent with an engine excess. 

The advocates of the uniform load contend that the concen- 
trated-load system is unnecessarily complicated, as it is possible 
to assume such uniformly distributed loads as shall cover the 
maxima stresses which actually occur without producing errors 
which are excessive on the side of safety or danger. Moreover, 
that the actual wheel loads and uniform loads used in calculating 
the stresses may be considerably modified by the use of heavier 
engines and trains, or different wheel spacings, in the future. 

With regard to the uniform-load system. Sir B. Baker ^ 
estimates the equivalent uniform load for heavily engined lines 
as follows : — 

Table LIII. 



Spaainfeet. I EqulTidaminifonn IomI per 

*^ foot ran In tons. 



iO 3-000 

20 2-400 

30 2100 

60 I 1-500 

100 1375 

150 I 1-250 

200 I 1-125 

300 1000 



The loads given in the foregoing table are not now sufficient 
to provide for the traffic on heavily engined lines, although they 
were ample at the time the table was compiled. 

The weight of engines and the trains hauled by them have 
been considerably increased during the last ten years ; the use 
of heavy gradients of 1 in 40 in America and the colonies 
necessitates the use of heavy engines. Figs. 824 and 325 
W V *u ^r*^^®® of consolidation goods engines in use on the 
1; 1 ;„ on ^^^^ Government Railways, where grades as steep 

w5 il """T- ^^^' ^^^^ ^^ow« 0^^ of Mr. Cooper's wheel- 
loaa diagrams known as Class A, which has been very largely 

* " Short-Span Railway Bridges." 
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used in calculating the stresses on American bridges ; much 
heavier engines are, however, in use in America. 

Cbn«o2tda(ton engiiies an New South WaUs ChvernfMni Bailwaya, 



\ 



{ 



ci_£^^^l_c^ii^iJ 






I 



! 



Fio. 324. 




Fig. 325. 

Fig. 826 represents a diagram of half-engine loads, which 
will be made use of in connection with an example of the con- 
centrated-load system. 

In estimating the equivalent uniform load per foot run for 
the purpose of calculating the maxima stresses in a structure, 
due consideration should be given to the probable increase in the 
engine and train loads which may be required to pass over the 
structure in the future. 

UtHf-engine loads u»ed in tdbulationa for maxima $trea»es in example on tlie eoncen- 

trated-load tystem. 



C^IM^^l^Hli^^ 



Fro. 326. 



The same uniform load will not generally be suitable for 
both trusses and plate web girders, being slightly greater in the 
former than in the latter. The uniform load producing maxima 
bending moments is generally less than that required to produce 
the maxima shearing stresses. 

This diagram might be still further simplified by using the 
nearest foot in all cases, or by using the first place of decimals 
only in the spacing of the driving wheels. 
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Mr. Theodore Cooper, in the following table, gives the equiva- 
lent uniform loads for the 101 American tons consolidation 
engine (Fig. 327) > which is not very different from the New South 
Wales consolidation engine (Fig. 325) ; also for a still heavier 
engine known as the Lehigh Heavy Grade engine (Fig. 328). 



H'S 



J'— X— %''! ---: 



J'« 



A'.'J -*'- k''5 -**-— 7-i — ->< 



cri^^^liMii^ 



A-5 



'--^.'7 



- 4^ '.'» -^ i' 



^ 



FiO. 3*J7. 

XeA^ft Heaoff Qrade engine, 
. ^.y . 



I ill! I I I i 



I 



FlQ. S28. 





Table 


LIV. 


Span in feet. 


Two 101 American 

tone conaolidatlons. 

followed by 3000 Ibe. 

1884. 


Two Heavy Grade 

Lehlgfas. foUowed \ty 

4000 lbs. 1889. 


20 


6190 




8560 


40 


4760 




6690 


60 


4110 




5480 


100 


3910 




4520 


150 


3740 




4760 


200 


3590 




4640 


250 


3480 


. 


4470 


300 


3390 




4290 


400 


3180 




4200 


500 

1 


3150 




4120 



-_-L •y/-- 



Mr. Cooper specifies for the extra heavy Glass A 
Two engines like Fig. 327 
followed by a train of 3000 
pounds per foot run, or 80,000 
pounds equally distributed on 
two pairs of drivers spaced 
7 feet centres, as shown in 
Fig. 329. 



service :— 








Fig. 339. 



Professor Waddell has prepared the following table of 



Live Loads upon Bridges. 



253 



eqnivalent uniformly distributed live loads which produce 
practically the same bending moments in plate web girders as 
the concentrated wheel*load diagram shown in Fig. 880 : — 

Table LV. 



Span in fiect. 



15K) 
17-5 
200 
22-5 
25-0 
800 



EqniYAlent dls- 

tribntad load in 

pounds. 



5760 
6407 
5040 
4998 
4804 
4578 



Span in feet. 



85 
40 
45 
50 
55 



EqniTalent die- 

tribnted load in 

pounds. 



4827 
4164 
8995 
8860 
8726 



Span In feet. 



Eqnivalent dis- 

tribnted load in 

pounds. 



60 


8652 


70 


8490 


80 


8879 


90 


8810 


100 


8226 



He fuH^her recommends that^ in order to produce the 
maximum shearing stress^ an amount be added to the total 
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distributed load divided by two, which is given by the follow- 
ing formula : — 

W = A + BZ 

where W = the additional load, Z = the span; A and B are 
constants which, for the engine loads shown in Fig. 380, are 
8000 and 100 respectively. 

Other constants may be determined for different engine 
loads. Some engineers use two different sets of tables, one for 
maxima moments, the other for maxima shears. 

In order to find the maxima reactions of longitudinal girders 
upon the cross-girders, Professor Waddell gives the following 
simple rule, which may be used instead of the method explained 
in the design for a deck of a railway bridge, Chapter XIY., Fig. 
820. Multiply the uniformly distributed live load per foot runi 
for a span of two panel lengths by the length of one paneL^ 

Thus for a 20-foot panel the maximum cross-girder reaction 
is — 

4164x20 «^,^, 

-^240- = ^^'^^ *^^« 

■ TroiM. o/ike Amer, 8oe. of C,R, February and March, 1892. 
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or 18*58 tons at each point of attachment. With the half- 
engine loads shown in Fig. 326, the equivalent distributed load 
would be 4700 lbs. per .foot for a span of 40 feet, and the 
reaction is — 

4700 X 20 ^^. . ,. 
— ^^^ = 42 tons (nearly) 

or 21 tons at each point of attachment, agreeing very well with 
the reaction calculated from the wheel concentrations, Fig. 320. 
The rule is, however, strictly true, and is proved thus — 






In Fig. 381 we have R = 



L i A 

V ' * « I • 

FiO. 331. 

In a girder of length I the central bending moment is — 

M- — - — 
"■ 2 "" 8 

wl Z/4Wa;\ 2W^ ^ 
2"=^>V= T =^ 

Therefore, as the rule is true for a single load, it is true for 
any summation of loads. 

In simple Pratt trusses, with panel length of 25 feet. Pro- 
fessor Waddell gives the following equivalent distributed loads 
to cover the stresses produced by the engine diagram, Fig. 830. 

Table LVI. 



Span of tnua in feet. EqniTalent^aWbaUrf load in 



100 
150 
200 
250 
300 



3308 
3215 
3151 
8112 
3085 



In using this table instead of the actual concentrations for 
bending moments, the greatest error on the side of safety occurs 
in the 100-feet truss, and is 4*77 per cent. The greatest error 
on the side of danger is 2*21 per cent. In the shearing stresses, 
the loads given in the table produce stresses the error of which 
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on the side of danger is never above %\ per cent, and affects the 
heavier members, while the maximum error on the side of safety 
is 12*66 per cent. The safety errors, although the larger, occur 
principally in the counterbraces, which is a good thing, because 
of impact and adjustment. 

It appears, therefore, that equivalent uniform loads may be 
so chosen for a structure that the errors in the stresses calcu- 
lated from these loads are not greater than would be provided 
for in the process of designing the various members. 

The concentrated-load system is also used in America, and 
the methods of applying it have been investigated by Mr. 
Theodore Cooper,^ Professors Burr,^ Eddy,^ and Dubois.* Only 
a brief outline of the method will be given in this work, just 
sufficient to illustrate its application in a common truss bridge 
in the manner explained more fully in the works by the authors 
quoted. 

Concentrated-Load System. — Let Wj, W2, W3 . . .Wn denote a 
series of loads advancing from the right abutment corresponding 
with the loads on the driving wheels of a locomotive. 

Let 0^1, a^, a?3 . . . x^ denote the distances between the loads 
corresponding with the distances between the wheel centres. 

Let Wi, Wa, W3 . . . Wni denote the loads which act in the 
panel AB (Wni is not shown in the figure), in which we require 
to find the maximum shearing stress, and let h\ V\ //", etc., 
denote the distances measured from B. ' The length of the span 




K WtiS^y(s if« kTt 



Fig. 333. 

is denoted by 2, and the length of each panel by &, so that I = nb. 
The reaction B at the left abutment may be expressed thus — 

' Mr. Theodore Cooper's " Standard Specifications." 

' *' The Stresses in Bridge and Koof Trusses/' by Professor Barr. 

* Paper in the Trans- of the Amer. 80c. C.R, on '* A Graphical Solution of the 
Conoentrated Load Problem," by Professor Eddy. 

* '* The Strains in Framed Structures," by Professor Dubois. 
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B = - ' -r. 4- •. -J- ... -r •. = -rV, + X| + . . . + «.) 

-r ' ^, + ^4 + ... + -r.^ + . • . + ^-(Jr«) 

The reMtion at A from the loads W^, W,, W,, etc., acting in 
the panel AB is — 

b b o 

Hence the shear in the panel AB is — 

b 

Suppose that the train advances by the distance dx, and let 
Bi denote the new reaction, then — 

B| = B + (Wi + TV,+ . . . +WJy 
and the new shear is — 

Si = Bi - ]w,h' + Wy/' +...)- (Wi + Wa + . , .)y 
b « 

/. Si = s + (Wi + w, + . . . + wj'y - (W, + W2 . . ^J^ 

/.S,-S = '^'^(W^ + W,+ ... +W,)-^(^)(Wi + W2+...) 

When Si — S = 0, Si will be a mazimam, provided that 
Si — S is positive just before it eqaals zero. 

/. «(Wi + Wa + . . .) = Wi + Wa + . . . + Wn 

Or the maximum shear in any panel will occur when n times 
the moving load which it contains is equal to, or most nearly 
equal to, the total live load on the bridge. We observe that the 
position of the load in the panel is of no consequence, therefore 
we may always consider one of the wheel loads concentrated at 
the panel-point under consideration. 

The above equation enables the position of the wheel loads 
on the bridge to be fixed, and x„ determined for the maximum 
shearing stress. 

We may write the equation of shearing stress in a convenient 
form for tabulation, since — 
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R = y{WirCi + (Wi + W2)X2 + . . . + (Wi + W, + . . . + WJaj„} 
^ Wife' Wafc" W3Z/'" 1 

+ . . . + (Wi + . . . + Wn'.oe} 

where fl = the distance between Wn'-i and Wn'. 

Hence the general equation of shearing stress may be written 
thus — 

S=-{WiaJi + (Wi + Wa)aJa+ • . . + (Wi + W^ + . . . +WJa;„} 
-^{WirCi+(Wi + Wa)x,+ ... +(Wi + W2+ ... +Wn'-i)e} 

This equation is most easily solved in any particular case by 
tabulating the wheel loads, leaving only the term involving x^ to 
be added afterwards. The above equations may be shown to 
hold when Wi, W2, W3, etc., advance beyond the panel AB. 

To find the position of the engine and train loads which 
will produce the maximum bending moment in the top and 
bottom chords. 

Let Wn' act at a distance od in front of A, and let there be n' 
wheel loads between A and X ; then, taking moments about the 
point A, we have — 

M = RZ' - { Wi(aji + ica + . . . + O + W2(a:2 + ajg + . . . + aJ'Ji 
+ . . . +W„^'} 

= y {WiOa + (Wi + Wa)a^ + . . . + (Wi + W^ + . . . + W«)a;„} 
- {WiXi + (Wi + Wa)aJ2 + ... +(Wi + W2+ ... +Wja/} 
If the loads advance through a distance dx as before — 

Ml = M + 7(Wi + W2 + . . . + Wn)da; - (Wi + Wa + . . . 

V 

Hence for a mazimum Mi — M = 0, and — 

r _ Wi + Wa + ... + W,- 
i ~ Wi + W, + . . . + W„ 

If Wn act at a panel-point such as B, this ratio will seldom 

s 
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or never exist exactly, so that Wn' should be considered as that 
portion of a wheel load concentrated at B in order that the above 
ratio may exist exactly, and a! may always be put equal to zero. 
Hence the general equation of moments may be expressed in 
a form suitable for tabulation, thus — 

M = y{W,a;i+(W, +W2)X2+ ... +(Wi+W2+ ... +Wjar,} 

- {WiXi + (Wx + Wa)^, + ... +(Wi+W2+ ... +W^.i)0} 

where denotes the distance between Wn<.i and W„r. 

Since at the point where the maximum moment occurs the 
shearing stress is zero, we may write — 

r R 

I "■ Wi + Wa + . . . + W. 

or the distance between the point where the maximum moment 
occurs and the centre of gravity of the load is bisected by the 
centre of the span. The foregoing investigation is general so 
far as the web members are concerned in any truss or girder ; 
but in the case of the chords, they apply for both top and bottom 
members only in a truss with vertical members. The equations 
may easily be modified so as to include every kind of truss 
with parallel chords.^ 

In the case of a girder with curved booms or chords, such 
as, for instance, a hog-back lattice girder with two systems of web 
bracing and 20 feet panel lengths. It will in general be most 
convenient, for chord stresses, to consider all the panel points 
equally loaded with the equivalent uniform train load, and also 
with four concentrated loads corresponding with the excess of 
the two engines over the train load. The four engine excesses 
may be considered as divided over the two systems of web 
bracing, Le. two to each, acting one on each side of the chord 
length under consideration. 

For the web stresses, the four concentrations representing 
the locomotive excesses should be considered at the head of the 
train, with the panel points in front unloaded, in a similar 
manner to that explained in Chapter IX. 

» " stresses in Bridge and Koof Tmsses,*' by W. H. Burr. 



CHAPTER XVI. 

TO DESIGN A PLATE WEB-OIBDEB DECK BRIDGE FOB A SINGLE LINE 

OP RAILWAY (pigs. 833 TO 337). 

The bridge to consist of two main girders, each 42 feet long over 
all, and 40 feet between the centres of bearings on supports 
at end. 

The end supports, or abutments, to be built of brick, with 
stone girder beds under ends of main girders. 

The deck to be of the open American type, with pine sleepers, 
10 feet long x 8 inches x 8 inches, spaced 16 inches centre to 
centre, with guard rails and timber kerbs as shown in Figs. 338 
to 387. 

The weight of rails to be 75 lbs. per yard. The bridge to 
be designed for the consolidation engine shown in Fig. 880, 
which is assumed to be the heaviest on the railway. 

Table LY., on p. 253, shows that the equivalent uniformly 
distributed load is 4164 lbs. per foot run, or 186 ton. The 
total live load is therefore — 

1-86 X 40 = 74-4 tons 

Dead load. — The dead load consists of the rails, guard rails, 
kerb, and sleepers, and fastenings, which will weigh 400 lbs. 
per lineal foot,^ and the weight of the main girders and wind 
bracing. 

The dead load, less the weight of the main girders, is — 

400 X 40 = 16,000 lbs. = 7*14 tons 

^ With heavier timber for the aleepers this load per foot ran wiU be oorre- 
spondingly increased, as for ironbark sleepers. The guard rail shown in the figures 
is frequently omitted in practice ; it muy, boweyer, be used advantageously as a 
re-railing arrangement by bringing the two rails together at eaoh end of the bridge. 
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The total dead and live load, less the weight of maia 
girders, is — 

74-4 + 7-14 =81-54 tons 
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The weight of the main girders may be fomid approximately 
from the formula, p. 245. 

W/r 40 

Wi = TT^. W =: 82 tons, C = 1200, r = - = 10 

Cs — Zr '4 

\ max. / \ 2 X 81-54 / 

Take % = 8*6 tons per square inch. 

^,_ 82 X 40 X 10 . ^ . . 

Wi = = 8*36 tons 

' 1200 X 3-6 - 40 X 10 

The total dead load is therefore 8-86 + 714 ... ... 155 tons. 

The total live load ... ... ... 74*0 „ 

• The total live and dead load ... ... ... ... 89*5 „ 

The total live and dead load per foot mn ... ... ... 224 „ 

The total live and dead load on each girder ... ... 1*12 „ 

The equation of bending moments is — 

xj = -56(400 - 0?) 

The curve of bending moments may be plotted from this 
equation for different values of x measured from the centre. 
The maximum moment occurs when a; = 0, and is 224 foot-tons. 

The moment of resistance is — 



3-6 X 4 X a = 14-4a 

a = — — : = 15*6 square inches 
14*4 ^ 



Adopting two angles 4^ x 4^^ x | = 9*44 square inches in 
tension, we have left 6*16 square inches to be made up by the 
cover-plate. Hence we may use a plate 12 inches wide by f 
inch thick, making the total area in tension 16 square inches. 

We may plot the moments of resistance of the angles and 
plate on the bending-moment diagram, and find the length of 
the top plate ; or we may find where the bending moment equals 
the moment of resistance of the angles from the equation of 
moments. 

A slightly longer length should be given to the plate than 
obtained by either of the foregoing methods, and we may adopt 
13 feet as the length from the centre, or a total length of 
26 feet. As this length may be obtained in one piece, no cover 
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will be necessary, excepting for shipment, in which case it will 
be more convenient to have a single cover with the rivets in 
single shear ; therefore a length of 5 feet will be snffident, with 
f rivets, 3 inches pitch. 

The compression flange should be made similar to the 
tension flange ; the excess in area will give extra lateral stiffness. 

Shearing Strew. — The maximum shearing stress occurs at 
the ends, and is half the total load, or 22*6 tons. The shearing 
stress per foot run horizontally and vertically is — 

— — = 5-626 tons 
4 

Assume that the web is f inch thick, and apply Mi. 
Theodore Cooper's rule for the safe intensity of working stress 
per square inch — 

12,000 12,000 -ormu AQQ* 

= ■" -— r - = 1857 lbs. = 0-83 ton 



^ 8000 3000 

48 

The actual shearing stress per square inch in the section 
provided in the web is — 

6-625 

= 1-02 ton 



12 X I 

Hence the web may be used with stiffeners as shown in Fig. 388. 
Let n = the number of rivets | inch diameter per foot run 
uniting the angles with the web ; then, since the rivets are in 
double shear — 

l-75n X 0-44 x 3*6 = 1-625 

.'. n = about 2, or 6 inches pitch. 

The pressure on the bearing area will be excessive with this 
pitch. 

Let the pitch be 3 inches, or 4 rivets per foot, then — 
4 X I X f X jp = 6-6 :.p = 4-9 tons 

Hence | rivets, 8 inches pitch, may be adopted at the ends. 
Since there are 8 rivets per foot in the flanges in single shear, 
it is clear that they need not be further considered. 
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The pitch of the rivets need not be made 8 inches throughout 
excepting in the angle wrappers, and in the cover-plate of the 
flange, if the latter is used. 

The maximum shearing stress at a distance of 10*5 feet 
from the centre is — 

A.QQ 0*93 

% = l*94aj + -^{x + 20)2 ^ 1.94 ^ 10*5 + — (30*5)2 

= 12*85 tons 

The maximum shear per foot is — 

12-85 Q ^, , 
— — = 3*21 tons 



Comparing this value with the corresponding value of the 
shearing stress at the ends, we see that | rivets, 6 inches pitch, 
may be used in the central half of the girder. The w^b plate 
may be reduced to -^ in the central 14 feet of the girder, but 
it will be better in this case to make the thickness uniform 
throughout, as the extra strength in the centre will fully com- 
pensate for the slight saving in the y^-inch plate. 

The web may be conveniently jointed in the centre, and at 
distances of 10 feet 6 inches on either side of the centre, and 
the stifiEhers may be spaced conveniently so as to act as covers 
to the web joints. 

The joints in the angle irons may be conveniently arranged 
in the centre for shipment or carriage in two sections. The 
length of the wrappers and number of rivets are similar to 
Pig. 267, Chapter XIII. 

Lateral System. — The girders must be braced together 
laterally, so as to resist vibrations caused by rolling loads; 
the dimensions of the frames which occur at the ends, and the 
three intermediate points where the web plate is jointed, are 
more a matter of judgment than calculation. 

The horizontal reactions at the ends of the girders are for 
a wind pressure on the girders and train of 459 lbs. per 
lineal foot.* 

45Q X 42 

^ X 9639 lbs. = 4*8 tons 

' The wind pressure on the exposed area of the bridge and on the train will be 
about 459 lbs. per foot run for a pressure of 80 lbs. per square foot. 
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Only one tie-rod in each bay will be in action at a time, so 
that the stress in the tie-rods of end bays is equal to the 
reaction resolved along the bar, to which must be added about 
1 ton for initial tension. The total stress is therefore about 
8*4 tons. 

Taking the working stress at 7 tons per square inch, we 
require — 

8'4 

— =1*2 square inch 

The rods shown in Fig. 887 are not upset at the ends, so 
that they must be made 1^ inch in diameter ; at the bottom 
of the thread the diameter is 1*28 inch. 

It may be shown that tie-rods 1^ inch in diameter will be 
sufficient for the other bays. 

The main girders are fixed at one end and allowed to expand 
at the other, a gun-metal plate being provided to slide upon 
a planed cast-iron surface, as shown in the detail. Fig. 336. 
At the fixed end the cast-iron bed-plate is used with an iron 
bearing plate. The area of the cast-iron plate bearing on the 
abutments is 4*6 square feet, so that the pressure per square 
foot is about 5 tons. The pressure per square foot on good 
sandstone may be 12 tons, and on good brickwork 4 tons. 

The weight of the girders and bracing may now be calcu- 
lated. 
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Table LVII. 



Description. 



Angle iron in flanges, 4 x 42 ft. of 4f ' X ^" X |" 
„ „ atondfl, 4x4ift.of8i"x8i"xr 
„ „ wrappers (donble), 3J" X ^" X f" 

Flange plates, 13' x 12" X i" 

Web plate, 42* x 4' 5" X |" 

End plates, 4' 5" X 10" x |" 

T-iron stifTeneis^ 



and covers / 



26' X 4' 4" x 6" x 3" X * 



Lineal feet 



Weight in 
poondaper 
lineal foot. 



168 
17* 
12 
26 
42 
8-9 

113 



Add 4 per cent for rivets ... 

Total weight of one girder 
„ „ two girders 



• • • 

• • • 



Transverse hrciring. 

5 frames oontaininc^ 29 feet of L iron 3" x 3" x I 
20 plates i in. thick at 20 lbs. each 

O n M n »♦ * »» »• ••• ••• 

4 tie-rods, 13*5 feet long by 1} in. diameter ... 
4 „ 13-5 feet „ by 1} in. 

6 double and 4 single bent attachment plates, 
each 3 feet long by f inch 

16 nuts and washers for l}-inoh io<l8 
16 „ M •• li 



'^.} 



» 



»» 



»» 



it 



Total weight of bracing 



145 

20 

5 

54 

54 

24 

16 
16 



17-45 
8*3 
8-3 
250 
66-3 
12-5 

108 



70 
200 
4-0 
5-9 
41 

12-5 

2} 

1* 



Weight in 
pounds. 



2932 
144 
100 
-650 

2785 
112 

1220 



7948 
318 

8256 
16512 
7*88 tons. 

1015 

400 

20 

319 

521 

300 

36 
20 

2631 
1-31 ton. 



Total weight of two girders and bracing = 8*51 tons. If 
the top flange plate is in two lengths, we shall have a total 
weight of 8'74 tons. 

The details of attachment of the wind bracing rods is shown 
in Fig. 337. The remaining details are simple, and need not 
be farther illustrated. This is a most economical form of 
girder for railway traffic up to spans of 60 feet. 



CHAPTER XVIL 

TO DESiaN A WBOUOHT-IBON PLATE WEB GIBDER BBIDOE FOB i 

DOUBLE LINE OF BAILWAT. 

Description (see Plate I.). — The bridge to consist of two main 
girders 70 feet long over all, 66 feet between centres of bearings 
on piers or abutments, 26 feet wide between centres of main 
girders. 

Cross-girders to be spaced 5 feet 4 inches centre to centre, 
and longitudinal stringers arranged under each rail. Cambered 
iron plates, | inch thick, to be riveted to top flanges of longi- 
tudinals and to angle irons on main girders, forming a con- 
tinuous floor, upon which are laid the ballast rails and sleepers 
as a loose road. The main girders to be fixed at one end and 
allowed to expand at the other. 

The longitudinal stringers should be first designed thus :— 
The permanent load on longitudinals consists of the weight 
of rails, guard rails, sleepers, fastenings, ballast, iron plates, 
and the weight of the longitudinal itself. The permanent load 
will vary with the weights of the materials used in the permanent 
way ; with ordinary creosoted larch sleepers, 9" 6" x 10" x 5", 
and rails 80 lbs. per yard, chairs and fastenings, guard rail, etc., 
it will weigh 190 lbs. per lineal foot for each line of way, or 880 
lbs. per lineal foot for the two lines of way. Ironbark sleepers 
weighing 240 lbs. each without chairs, with the rails and 
fastenings as before, would weigh 404 lbs. per foot. Adopting 
the former weight, we have — 

Permanent way ... ... ... ... 380 Iba. per foot. 

Gambered plates, 21 square feet per foot at 15 lbs. ^ 

per square foot ... ... ... ...j " ** 

BaUast averaging 4 inches deep at 93 Ibe. per cubic foot 651 



»» »» 



Total load ezcluBive of weight of longitudinals ...1346 „ ,. 



^ 
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Kff A** y "1 Q4.A 

Load on each longitudinal = = 1795 lbs. = 0*8 ton 

Liye Load on Each Longitudinal. — This will consist of half the 
greatest load on a pair of driving wheels, which will be assumed 
as 18 tons ; since the load of 9 tons may be in the centre of the 
longitudinal, we have the equivalent distributed live load 18 tons, 
or a total load of 18*8 tons exclusive of the weight of the 
longitudinal. 

To calculate the weight of the longitudinal, we may use the 
formula — 

WZr 



C8 — Iv 



c may be taken at 1500 ; s must be taken low, on account of 
impact and range of stress. Mr. Theodore Cooper allows 8000 
lbs. per square inch. 

The depth may be made one foot effective — 

^ 18-8 X 5-3 X 5-3 ^.^ , 

Wi = = '096 ton 

' 1500 X 3-5 -5-3 X 5-3 

The total load = 18*8 + 0*096 = 18*896 tons, say 18*9 

Shearing-StresB. — The maximum shear at each end is — 

18-9 ^,,, 
— — = 9*45 tons 

Sivets. — Let n = number of rivets per foot run. Assume 
the diameter to be f inch, area 0*44 square inch. Then — 

9*45 = nx 1-75 x 0*44 x 3*5 
/. n = 3*5, or 3 inches pitch 

Assume the thickness of the web | inch, and let p denote the 
pressure per square inch on the bearing area ; then — 

2>x|xfx4 = 9*45 
p = 8*4 tons 

This pressure may be allowed, although some engineers 
would consider it excessive, in which case ^ of an inch diameter 
BQay be used. 

Intensity of Shearing Stress in Web. — The sectional area of 
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one foot in length of the web, horizontally or vertically, through 
a line of rivets ii 



(12 - 4 X i)f = 8*8 square inches 

9'45 
The shearing stress on this line = ^ ^ 

3*3 

= 2*9 tons per square inch 

By applying Mr. Cooper's formula,^ we can show that the 
safe intensity of shearing stress may be 4 tons per square inch ; 
or applying Bankine's formula for buckling, we obtain a factor 
of safety of 6 ; hence the thickness of web may be | inch. 

Bending moment — 

WZ 18-9 X 5-3 ^.^. .. 

^ -= ~—7- = 12-6 foot-tons 

8 6 

Moment of resistance—* 

fad = 8*5 X a X 1 = 8'5a foot-tons 
/. 3-5a = 12-6 \ 

a = 8*6 sqiWe inches 

The area of two angle irans, 4" x 4" x f", is 8'75 square 
inches in tension, and 5*25 inches in compression. The elevation 
and the section of the girder is sjhown on Plate I. 

The weight may now be calculated. 

26 feet of L iron at 9-2 lbs. per foot .A ... 239*0 Ibe. 

5-3 feet of web 15 inohee by I inch ...\ ... 103-5 ^ 

342-5 
Add 5 per cent for rivets ... ... V ... 17-1 „ 

Total weight of longitudinal ... .\ 359-6 lbs. = 016 ton. 

The calculated weight was 0*096 ; the difference is due partly 
to the angle irons at ends being carried dowm for attachment to 
the cross-girders. It will not be necessary to m^alculate. 

The total dead load on the longitudinal is — 

0-8 + 0-15 = 0-95 ton \ 

Cross-Oirders.— The dead load will consist of ();95 ton con- 
centrated at four points immediately under the rails^l and also of 
the weight of the cross-girder. ^, 

' p. 240. 
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The maximum reactions of the longitudinal girders upon the 
cross-girder will be taken at 9 tons, which will not be exceeded 
when a mogul or consolidation engine, with 12 tons upon each 
axle, passes over the bridge. 

The bending moment with the four lines loaded with the live 
and dead load, viz. 9*95 at each of four points, say 10 tons, is — 

20 X 10 - 10 X 5 = 150 foot-tons 

The equivalent uniform load per foot run is therefore — 

?cP w X 26^ ^ ^^ 

— r = = 160 

8 8 

.'. 2r = 1'77 tons, say 1*8 ton 

The depth of the cross-girder may be made -^ of the span, 
and the same unit stress taken as in the longitudinals, viz. 
8 '5 tons per square inch. The weight of the cross-girder is — 

1-8 X 26 X 26 X 12 ^ ^ , 

= 2*9 tons 



1500 X 8-5 - 26 X 12 

This load may be included in the load concentrated at the 
four points by adding 0*6 tons to each, making a total of — 

4 X 10-6 = 42-4 tons 

The maximum shearing stress at the end of the cross-girder 
is 21-2 tons. 

The shear per foot — 

21-2 



2-16 



= 9*8 tons 



Assume that the rivets through the angles uniting the flanges 
to the web are I inch diameter, and 0*6 square inch in area. 
Each rivet will resist, since it is in double shear — 

175 X 8-5 X 0-6 = 3-675 tons 
Let n = the number of rivets required per foot run, then — 

3-675n = 9-8 
.\ /I = 3 nearly 
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Assume that the thickness of the web is \ inch. The pressure 
on the bearing area is — 

.". |) = 7*46 tons 

Hence |-inch rivets, 4 inches pitch, may be adopted. 
The intensity of shearing stress on the web per square inch 
is — 

9-8 



(12 - S X \)\ 



= about 2 tons 



It can be shown, by applying Cooper's or Bankine's formulas, 
that there is no danger of buckling the web. 

The maximum shear at the centre of the cross-girder occurs 
when one line only is loaded with the live load ; thus — 

Maximum shear at centre = 16 - 21*2 = — 5*2 tons 

5*2 



216 



= 2*4 tons per foot 



Using ^^^-inch plate, the thinnest allowable in bridge-work, 
it can be shown, as before, that the pressure on the bearing area 
is moderate, and that there is no danger of the web buckling. 

In a similar manner, it can be shown that a |-inch plate 
between the longitudinals is sufficient. 

Bending Moments. — The ordinates of the bending-moment 
polygon at the points of application of the longitudinals on each 
side of the centre of the cross-girder can be shown to be 106 
and 159 foot-tons respectively. 

Moment of resistance — 

3-5A X 2-16 = 159 
7*56A = 159 
.*. A = 21 square inches 

The angles uniting the flanges to the web may be 8^' x 3^'' 
X i", having an area in tension of say 5 square inches. The 
plates may be 16 inches wide, hence one plate i inch thick and 
one I inch thick may be shown to be sufficient. The {-inch 
plate should be on the outside, giving a total area in tension of 
21*08 square inches; and the |-inch plate need not be made 
more than 18 feet long. The moments of resistance of the 
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angles and plates, 7'56a, should be plotted to the same scale 
as the bending moments, and the length of the top plate may 
be scaled off the diagram. 

The compression flange should be made similar to the tension 
flange. The weight of the cross-girder may now be calculated. 

Two flange plates, each 26' x 16" X V* at 26*6 lbs. per foot 1383*2 lbs. 

18' X 16" X V* at 33-3 „ „ 1198-8 „ 

Web, 10' X 2' 5" X i" at 48-3 Ibe. per foot 4830 „ 

„ 10' X 2' 5" X f at 36-3 „ „ 363 „ 

„ 6' X 2' 5" X A" at 30-2 „ „ 1812 „ 

Angle iron, 113' x ^" X 3i" x i" at 10-8 lbs. per foot 12204 „ 

4829*6 
Add 5 per cent, for rivets ... ... ... 241*4 „ 

Total weight of cross-girder ..! ... ... 5071 lbs. = 2*26 tons. 

The calculated weight was 2*9 tons, which] is in excess, as it 
should be, so that no recalculation is necessary. 

Main Girders. Bead Load. — The dead load consists of the 
cross and longitudinal girders, deck, ballast, sleepers, etc., as 
well as the weight of the main girder itself. 

11 croflB-girders at 2*26 tons each... ... ... ... 24*86 tons. 

44 longitudinal stringers, allowing for 8 at ends resting partly 

on the ond cross-girders, at 0*16 ton each ... ... 7*04 „ 

Deck s 44 times the load on stringers, at 0*9 ton ... ... 39*60 „ 

Total dead load ezclnsive of the weight of the main girders ... 71*50 „ 

Live Load. — This will generally consist of one complete 
engine and tender. We will assume in this example that the 
equivalent uniformly distributed live load is 1*5 ton per foot 
run. This will fairly represent English traffic, but will be too 
small for American and colonial traffic. 

66 X 1*5 = 99 tons on each line of way 

The total dead and live load exclusive of the weight of the 
main girders is — 

198 + 71-5 = 269-6 tons, say 270 tons 
The weight of the main girders is approximately — 

270 X 66 X 12 



1700 X 4 - 66 X 12 



= 35*5 tons 
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The efifective depth ^\% =5*5 feet, and 8 = 4 tons per 
square inch. 

The total load is therefore 305 tons, or 152*5 tons on each 
girder. 

The intensity of working stress per sqaare inch may be 
found from the formula — 



53-5 



4 tons per square inch will be adopted. 

k — The maximum shearing stress at ends is 76*3 tons. 



76"3 
or -— ^ = 13*9 tons per foot horizontally and vertically. 

It can easily be shown that 1-inch rivets, 4 inches pitch, will 
be necessary. Even with this size the pressure on the bearing 
area is 7*4 tons per square inch with a f -inch web and a single 
row of rivets. 

The dead load per foot run is — 



53*5 
66 



= 0*81 ton 



Shearing Stress. — The equation of shearing stress is — 
« = xcyx + ^(c + xf = 0'81x + ;^(38 + «)' 



4c 
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It will be conTenient to tabulate the results obtained by 
substituting a; = 5' 4", 10' 8", etc., in this equation. 





TabTiK 


LVIII. 




X. 


X. 

21-3 
26-7 
330 


t. 


5-7 
10-3 
16-0 


12-40 
20-96 
30*36 
4016 


50-75 
62-15 
7630 



The maximum intensity of shearing stress at the ends, with 
a web plate \ inch thick on the gross section, is — 

13*9 
— — -^ = 1*85 ton per square inch nearly 
12 X « 
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The safe intensity by Cooper's rule is — 
12,000 _ 12,000 __ 



B?_ 1 /65 

3000 ■*" 8000 V ~i 



= 2605 lbs. 



Hence stiffeners must be introduced in order to shorten the 
elementary columns into which the web is assumed to be 
divided. Let the stiffeners be spaced every 82 inches horizon- 
tally, at the attachment of cross-girders and midway between 
them, in which case the horizontal distance between the centres 

80 
of rivets in stiffeners is 80 inches ; and therefore H = — = 48, 

t 

and the safe intensity of stress by Cooper's rule is 6787 lbs., or 

about 8 tons. 

1 f\ 
Rankine's rule for the buckling stress gives .- 

= 6'8 tons per square inch nearly ; hence the factor of safety 
against buckling is — 

= 8-4 

1-85 

Hence the | web may be adopted at the ends. 

Assume that the web is ^ inch thick in the second bay from 

11*8 
the end, then the intensity of shearing stress is 01 = 1*9; 

the pressure on the bearing area of the rivets is 7*5 tons per 
square inch. 

Cooper's rule gives for the web 5454 lbs., as the safe in- 
tensity of shearing stress per square inch ; hence i inch may 
be adopted. 

In a similar manner it may be shown that the other thick- 
ness shown on Plate I. may be adopted. 

The equation of bending moments is — 

y = 1-16(38^ --7?)=: 1-16(1089 - x') 
We may tabulate the moments and stresses as follows : — 
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Table LIX. 







sum In 


X* 


1268 


toot. 





280 


5 


1284 


224 


10 


1148 


209 


15 


1002 


182 


20 


799 


145 


25 


588 


98 


80 


219 


89 


38 


— 


— 



ATwra- 
qnindin 



Sectioo proTided. 



57-5 
56-0 
52-2 
45-5 
86-4 
24*5 
9-8 



5 platee 24'' X r> 2 angles 4" x 4" x \" 



4 
2 



I 






24" X i", 2 
24" X J", 2 
24" X r, 2 
24" X 1", 2 
24" X J", 2 






4" X 4" X r 

^" X 4" X i" 



4" X i" 



4"X:. ^, 
4" X 4" X i' 
4" X 4" X f 



#« 



LTGft pro* 
Tided In 
lensloii. 



60^ 



49^ 
3840 
38-40 
27-25 
16-25 



The bending moments and moments of resistance may now 
be plotted as in Fig. 888. 




FiO. 338. 



The moment of resistance of the angle irons in tension is — 
5*25 X 4 X 5*5 = 115-5 foot-tons 

The moment of resistance of each plate in tension is — 
(24 - 2)i X 4 X 5-5 = 242 foot-tons 

The details of the bridge are sufficiently illustrated in Plate I. 
The design of the group joints in the booms, and angle wrappers, 
have been fully considered in Chapter XIII. 

The weight of the girder may now be found. 
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Table LX. 



Bqovm. 
5347 feet of plates in top and bottom boomB, including \ 

top oovera 2' wide by J" thick / 

56 feet of plates in inside coyer strips 7" x \'* 
2x5' 5" X 2' X I" = 11 feet, end plates ... 
280 feet of angle iron, 4" x 4" x J" 
22 .. .. at ends, 3" x 3" x J" 

in covers, 3^" x 3J'' x \" 



12 



M 



8 comer covers at ends, at 4 lbs. each 



Weight In 
pounds per 
lineal foot. 



Weight in pounds. 



TFe&. 
lOf feet of web plate, 5' 5" X A = 577 feet 
2U „ M 5' 5" X f = 115-4 

lOj „ „ 5'5"xA= 577 

10^ „ „ 5' 5" X J = 57-7 „ 



»» 



»» 



»» 



»» 



5' 5" X I = 86-5 



»» 



16 

247 feet angle iron in stifTeners, 3" x 3" x |" 
13 plates in stiffeners, 5' 5" x 11 X ^ = 715 feet 
18 „ „ 3'0"x8"xA = 39 „ 

120 feet of angle iron in bent plate attachment. 



3" X 3" X t" 

Add 5 per cent for rivets 
Total weight of one main girder 



nt, I 



21,388 

655-2 

3300 

3,5000 

202-4 

84-0 

32-0 



721-3 
1,7310 
1,009-8 
1,154-0 
2,162-5 
1,729-0 
822-0 
327-6 

840-0 



36,688-8 
1,834-4 

38,523-2 
: 17-2 tons. 



Total weight of two main girders = 34*4 tons. The approxi- 
mate weight assumed in the calculations was 85*5 tons, so that 
no recalculation is necessary. 

The weight of the flanges in one girder is 26,191 pounds, 
and of the web 10,497 pounds ; so that more than f of the 
total weight is in the flanges. 

The main girders may be riveted up in two lengths, leaving 
the rivets in the central covers and web joint to be put in on the 
site. There would be no difficulty in introducing two more joints 
in the angle wrappers similar to the central joint, in which case 
the girder could be riveted up in four lengths, leaving the rivets 
in the three group joints, in the covers, and in the three web 
joints to be put in on the site. 



CHAPTER XVIII. 

EXAliPLE OF THE DESIGN OF A STEEL AMERICAN TRUSS BRIDGE, 
WITH PIN CONNECTIONS, FOR A SINGI^p LINE OF RAILWAY. 

The order of procedure which should be followed in the design 
of a bridge of this class is to first consider the deck and the 
floor beams in the manner explained in Chapter XIV . The deck 
and floor beams designed in Chapter XIV. will be used in this 
bridge. The panel loads due to the weight of the structure 
should next be determined in the manner explained in Chapter XV., 
and a skeleton diagram prepared for calculating the stresses due 
to the dead load of the structure, and those due to the live load. 
In this bridge the concentrated-load system explained in 
Chapter XV. will be used to determine the stresses due to the 
live load. The total maximum stresses should be then deter- 
mined and written on the skeleton diagram of the truss, from 
which the sectional areas of the various members and the 
details of construction may be provisionally considered, to be 
afterwards reconsidered in regard to the additional stresses due 
to wind. 

It will probably be most convenient in this example to 
describe briefly the bridge as actually designed before con- 
sidering the stresses, in order that the functions of the various 
members may be more clearly understood. 

Fig. 889 shows a skeleton diagram of half a span of the 
bridge in isometric projection, with the names of the various 
members written on the diagram; and Plate II. shows the 
details of the truss, with the more important joints and con- 
nections. 

It will be seen, by referring to Plate II., that the two trusses 
forming one span are 180 feet between centres of bearings on 
the supports or piers, and are spaced 16 feet apart from centre 



f>LATE II. 




i C3^. 
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to centre. The effective depth of the truss is 26 feet, measured 
between the centres of the pins in the top and bottom chords. 
The bottom chord, hip verticals, and the diagonal members of 
the web are constructed with eye-bars of the form shown in 
Pig. 278. The top chord and batter braces are constructed in 




Fig. 339. 



the form of an inverted-trough section, with the material con- 
* centrated as much as possible equally on each side of the line 
passing through the centres of the pins. The top flange plate 
is 18 inches by f inch throughout, and the vertical plates are 18 
inches deep, united to the flange plates with angles. The 
vertical plates are stiffened at the bottom with angles, and laced 
with bars inclined at 60 degrees. The joints in the top chord 
are planed so as to butt truly, the covers and rivets being merely 
necessary to hold the pieces in position until they are per- 
manently fixed by the pins ; reinforcing plates are also used for 
limiting the pressure on the bearing area of the pins. These 
joints occur at a distance of eight inches from the centre of the 
pins in each panel, excepting at the top hips, where the joint is 
made at the intersection of the top chord and batter brace, 
passing also through the centre of the pin, extra reinforcing 
plates and cover-plates being used as shown in Plate II. 

The pins are 4-^ inches in diameter excepting at the 
hips, and joints in the bottom chord, where they are 5^ inches 
in diameter. 

The vertical members of the web, or compression posts, 
are constructed with two channel bars arranged back to back, 
10 inches apart, and laced on each side with bars inclined at 
60 degrees. The vertical members butt against the lower 
portion of the top chord, and are connected to the chord by 
jneans of plates \ inch thick, through which pass the pins* 
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The deck, longitudinal, and cross floor beams are shown on plate 
Il.y and have been folly considered in Chapter XIV. The cross 
floor beams are riveted to the vertical members above the pins 
in the bottom chord, and the web is made extra thick in order 
to resist the wind stresses developed in the bottom lateral system 
of wind bracing, in which the cross floor beams act as struts. 
There is a top and bottom system of wind bracing shown in 
Plate II.9 Figs. 2 and 3, in which the tension members are pro- 
vided with union screws for putting them in initial tension. 
The compression members in the top system consist of double 
angles, and in the bottom system of the cross floor beams, ex- 
cepting at the ends of the truss and at the hip, where double 
channel bar struts are used similar in construction to the 
vertical compression posts. 

The vertical sway bracing is shown in Figs. 4 and 5, and 
consists of a horizontal strut formed with double angle bars, 
with diagonal vibration rods, provided with union screws for 
initial tension. The portal bracing lies in the plane of the' 
batter braces, and is constructed in a similar manner to the 
sway bracing, but with larger struts and vibration rods. The 
wind pressure may reverse the stresses in the eye-bars of the 
bottom chord, so that a double channel-iron strut is used 
throughout the length of the chord, which is designed to 
resist the excess of the compressive stress due to wind over the 
tensile stress due to the dead load. 

The trusses are provided with saddle bearings at each end, 
with expansion rollers at one end.^ 

Plate II. should be carefully studied by the student, and the 
function of each member of the truss, and details of joints and 
connections, thoroughly understood before commencing the detail 
calculations. 

Let Wx denote the load acting at each panel-point of the top 
chord ; then, as explained in Chapter XY., 

^, X 20 = 4500 lbs. = 2-1 tons 

2x2 

Let W2 denote the load acting at each panel-point of the 
bottom chord, including the half-panel load of the truss, the 
dead load of the deck discharged by the cross floor beams, which 

> The ezpaDsion rollers nsed were designed by Mr. J. A. MacDonald, M.IiistG.EL 
Engineer for Bridges, N.S. Wales, and have been nsed eztenslTely in Australia. 
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will be about 200 lbs. per foot for the deck, and 173 lbs. for the 
weight of the longitudinals and cross floor beams, thus — 

xv^ = ^-$-^ + 173 + 200|20 = 11,960 lbs. = 5*4 tons 

tan e = 0-769 

sec e = 1-26 

u\ + iTa = 7*5 tons 

The live load is carried on the bottom chord ; the vertical 
members are in compression, and the inclined members of the 
web in tension. The dotted lines indicate the counterbraces. 

The tabulation for the half-engine loads for two locomotives 
as shown in Fig. 326 is given in Table No. LXL, and with the aid 
of this table there is no difficulty in finding the position of the 
engines and the train when the maximum shearing stress occurs. 
In this case the maximum shearing stress in any panel will 
occur when nine times the load on it is as nearly as possible equal 
to, and not less than, the total load on the bridge. In panel 
11-8, for example, the leading wheel Wi advancing from the 
right must be at the point 11, while in panel 14-5 the first 
driving wheel W2 must be at the point 14. 









Tabt.e LXI 


. 














Sum of the pro- 












ducts of the loads 


Number of 

irboelB on the 

bridge n. 


ToUlloadon 
the bridge, 

W1 + W0 + 
. . . + Wii. 


DiaUnoe 

between the 

centres of 

wheels. 


Total distances 
measaredfrom 
the first or 
leading wheel 
»1 +8 + . . . 


Frodnctofthe load 
on each wheel in- 
to the distance 
flrom the next ibl- 
lowing wheel. 


npon each wheel 
moltlplied by the 
distances between 
the wheels 
Wi» + (W, + 

^%P% + . . . + 
CWi + Wa+...+ 




















8-08 




W«)a5H. 


( 1 


4 


8*08 


32-32 


32-32 




2 


10 


5-75 


13-83 


67-50 


89-82 




(3 


3 


16 


4-50 


18-33 


7200 


161-82 


'Sb 


4 


22 


4-50 


22-83 


99-00 


260-82 


g( 5 


28 


7-08 


29-91 


198-24 


459-06 


18^ « 


32 


4-83 


34-74 


154-56 


613-62 


1 7 


36 


5-67 


40-41 


20412 


81774 


^l 8 


40 


4-83 


45-24 


193*20 


1010-94 


\ 9 


44 


900 


54 24 


396-00 


1406-94 


/ 1<> 


48 


808 


62-32 


387-84 


179478 


S 11 

•i)\ 12 


54 


5-75 


68 07 


310-50 


2105-28 


60 


4-50 


72-57 


27000 


2375-28 


g 13 


66 


4-50 


7707 


297-00 


2672-28 


^ ( 14 


72 


708 


84-15 


50976 


! 3182-04 


§ 1 15 


76 


4-83 


88-98 


367-08 


3549-12 


1 16 


80 


5-67 


94-65 


453-60 


4002-72 


* 17 


84 


4-83 


99-48 


405-72 


4408-44 




' 18 


88 


400 


103-48 


352-00 


4760-44 
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The position of the wheel loads producing the maximnm 
shearing stress in the various panels of the truss is shown in 
the following table : — 







Table LXH. 






Panel. 


Camber of eDglne 

whe€l at the right 

of panel. 

W, at 11 


Total load on Um troM In tons. 


4 


Xn. 


11-8 


22 


1-67 


12-7 


W, „ 12 


36 


7 


5-26 


13-6 


W, „ 13 


60 


12 


OOl 


14-5 


W, „ 14 


76 


16 


3-98 


15-4 

16-3 

17-2 

1-2 


W, „ 15 
W, „ 16 
W, , 17 
W, „ 18 


88 -f 0-75(10-35) 
88 + 0-75(30-35) 
88 + 0-75(50 35) 
88 + 0-75(70 35) 


Unifonnload. 


5175 
15175 
25175 
35175 



The maximum shearing stresses in the panels due to the 
position of the loads indicated in the above table are — 



Table LXIIL 



Panel. 



11-8 
12-7 
13-6 
14-5 
15-4 
16-3 
17-2 
1-2 



- 1 { W,«i + (W, + Wj>a + . . . +(Wi + Wj + . . . + W,)r,} 
- h{Wi*i +(Wi + Wa)»a + . . . +(Wi + W, + . . . + w.. - i)«} 



Shear in tons. 



j^^{2-2(l-67) + 161-82} 

j|-^{36(r)-26) + 613-62} 

1 32 S2 

-(60(001) + 2105-28}- ^^ 

1 ^2 ^2 

V^^f^SCS-aS) + 318204} - - 

180^ ^ '20 



180 
1 

180 
180 
180 



{88(10-35) + 0-75(10-35X5-175) + 4760*44} - 
{88(30-35) +0-75(30-35)(15175) + 4760-44} - 



89-82 

20 
89*82 



{88(50*35) + 0*75(50-35)(25175) + 4760*44} - - - 



{88(70*35) + 0-75(70 35X35175) + 4760-44} - 



20 
89 82 

20" 
89*82 



20 



110 
4-46 
10-08 
17 70 
27*24 
38*71 
51*85 
66*66 



The stresses in the inclined bars may be found by combining 
the shear in the panel due to live load with that due to the dead 
load, and multiplying by sec 6. 
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Table LXIV. 



Inclined bftrs. 



13-6 and 16-5 
14-5 „ 15-6 



15-4 

16-3 

17-2 

1-2 



14-7 
13-8 
12-9 
10-9 



Mazlmnm shearing stress due 
to live and dead load In tons. 



(1008)1-26 
(17-70)1 -26 
(27-24 + 7-5)l-26 
(38-71 + 15'0)l-26 
(51-85 + 22-5)1-26 
- (66-66 + 30-0)1-26 



Total. 



4- 
+ 

+ 
+ 



12-7 
22-3 
43-77 
67-67 
93-68 
121-79 



The stresses in all the vertical bars, excepting 11-9 and 
18-2, may be written down in a similar manner, thus — 



Table LXV. 



Vertical bars. 



15-5 and 14-6 
16-4 „ 13-7 
17-3 „ 12-8 



Maximnm shearing stress due 
to live and dead loads in tons. 



Total. 



»» 



17-70 + 2-1 
27-24 + 5-4 + 4-2 
38-71 + 10-8 + 6-3 


- 19-81 

- 36-84 

- 55-81 



The maximum stress in the bars 11-9 and 18-2 will occur 
when the reaction at the cross-girder is a maximum, and this, 
we have seen in Chapter XIV., is + 20*9 tons for the live load, 
and the dead-load stress is + 5*4, so that the total stress is 26*8 
tons. 

The maximum stresses in the horizontal members may be 
found when the position of the engine- wheels and uniform load 
is known. We have seen that the maximum bending moment 
occurs when — 

I Wi + W2 + . . 






R 



Wi 4- W2 -h 



4- W" 



where X = the horizontal distance from the left abutment to the 
point about which the moments are taken. The following table 
shows the position of the engine loads and train which produce 
the maximum stresses in the top and bottom horizontal members, 
when one load is at the panel-point X from the left abutment : — 
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Table LXVI. 



HorlxonUl 
meuiben. 



aboat I K*Uo 
which < ^' 



momcots 
■retaken. 



\ 



W«'. W,._ 



mf-U' 



4-5 and V ,- 
5-6 /i ^^ 



3-4 
2-3 



16 
17 



V 



12 


11 


48-5 


9 


8 

1 


46-32 


6 


5 


49-82 



Uniform load Half length of 
Wh. nniformload. 



65-59 

2 
61-76 

2 
66 43 



ToUd load on L 



Load CD r. 



136-5 
134-32 
* 137-84 



60 
44 
32 



-:,{WiaBi +(Wi + W2>ra + • • • +CWi + Wj + . . • +W^.iy} 
a 



Horl»nUl monba. f =^ ^^»" + ^^' + **^* + " ' " +^^' +W. + • ■ • + W)*.} "«>«d 
top and bottom. Kwaaaa m 

4-5, ^-6, 6-7 ... 
3-4. 7-8 



2-3. 8-9 

1-18, 18-17 12- \ 
11, and 11-10 J 

15-14 

16-15, 14-13 ... 
17-16, 13-12 ... 



9 X 2'6^^'^^'^ ■*■ ^^^^^^ "^ 48-5]32-295} - (2105-28) ^ 

9 x"26^*^^"*^ ^ "^^^^^^ ■*■ *^*^2^*^^} - <^^^^*^^2^ 
g-^— g{4760-44 + [(88)2 + 49-82]33-215} - (459-06)^ 

Shear x t»in 6 = 6666 x 0-769 



- 124-40 

- 110-16 

- 87-15 






51-26 

12444 

11016 

87-15 



Table LXVII. 

Total Btbebses in Tons. 



Panel. 



4-5, 5-6, 6-7 

15-14 

3-4,7-8 

16-15, 14-13 

2-3, 8-9 

17-16, 13-12 

1-18, 18-17, 12-11, 11-10 



Stresses. 



- \ 124-40 + 10(tr, + tcj) tan a} 

+ * >% « » 1 

- 1 110-16 + 9(tri + to^ tan aj 

- { 8715 + 7(w, + tc,) tan B\ 
+ { 51-26 + 4(tc, + tc,) tan B\ 



Total. 



- 182-OS 
+ 182-08 

- 162-1 
+ 162-1 
-127-5 
+ 127-5 
+ 74-3 



The stresses may now be written on the various members of 
the truss, Plate II., Fig. 1. 

The wind stresses in this truss will be considered in Chapter 
XIX. 
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Table LXVIII. may now be prepared, and the sectional 
areas of the varioas members determined. In this case Mr. 
Theodore Cooper's rules have been used for finding the safe in- 
tensity of working stress instead of the Launhardt and Weyranch 
formulas given in Chapter L The figores explain themselves for 
the tensile stresses, but the straight-line formulae given in 
Chapter XII. have been used for determining the working stress in 
compression. 

The actual sections adopted have been taken from Carnegie*s 
list of rolled sections. 

The details may be further studied by referring to Plate II. 



CHAPTER XIX. 



WIND PRESSURE. 



The published information on this subject which may be con- 
sulted for more complete information includes the following : — 

Papers by Mr. C. B. Bender and Professor Gaudard, pub- 
lished in Proceedings of the Institution of Civil Engineers (Vol. 
LXIX. p. 80), with discussions by Sir B. Baker and other well- 
known authorities. 

"Experiments by Sir B. Baker at the site of the Forth 
Bridge," published in Engineering, February 28, 1890. 

Experiments by Mr. O. T. Crosby, published in Engineering, 
May 30, June 6, and June 18, 1890- 

Paper by Mr. C. Shaler Smith, in Proceedings of the 
American Society of Civil Engineers, Vol. 10, p. 189. 

When a horizontal force of wind strikes an inclined surface 
it causes a normal pressure upon that surface 
(Fig. 340), the intensity of which is expressed 
by the following formula, deduced from experi- 
ments made by Mr. Hutton for gunnery 
purposes. 

Let P denote the horizontal pressure on an *'*^- ^"• 

inclined surface, such as a roof inclined at an angle 0, Fig. 840. 

Let M denote the normal pressure. Then — 

N = P(sine)^»*^«'^-i 

Professor Unwin states that this formula gives almost the 
same results as Duchemin's, which is — 

_ 2 sin 61 
N = P: 




1 + sin^ 



The following table gives the values of N for different 
values of when P = 40 lbs. per square foot. 
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Table 


LXIX. 








Nonnal prsMare, N. | 




Normal 


prcMnre, K. 


ikngteof 
roof, 0< 






Ancle of 
roof;0. 




. 




Hotton. 


Dnchemln. 
6-89 


50" 


Hotton. 
381 


DacaMmin. 


5" 


5-1 


38-64 


10" 


9-7 


13-59 


60" 


40-0 


39-74 


20' 


18-4 


24-24 


70" 


40-0 


39-91 


30" 


26-5 


32-00 


80" 


40-5 


40S)0 


40" 


33-3 


36-40 


90* 


40-0 


40O0 



The experiments of Sir B. Baker show that the average 
pressure over a large surface is less than over a small surface. 
The large gauge. used for these experiments was 20 feet long 
by 16 feet deep, exposing 300 square feet of surface ; a circular 
gauge 18 inches in diameter was also arranged in the centre 
of the large gauge. 

The small gauge consisted of a circular plate of 1*5 square 
feet area. 

The revolving gauge also exposed a surface of 1*5 square 
feety but was so arranged that it turned round and always faced 
the direction of the strongest wind. 

The large and small fixed gauges were arranged to face the 
direction from which the strongest winds blow. Some of the 
results are recorded in the following table : — 









Tabt.k LXX. 








Month and daj. 


Revolving 


Preeaare in poonda per aquare 


foot. 




Year. 


1 
Small fixed 


Laige fixed 


Ciroular gange 
18» in diameter 


IMrectionofUie 
wind. 






gauge. 


gauge. 


gauge. 


inoenfareof 














large gaoge. 




1884 


Oct. 27 


29 


23 18 




S.W. 


»» 


„ 28 


26 


29 19 




S.W. 


1885 


March 20 


30 


25 17 




w. 


»> 


Deo. 4 


25 


27 : 19 




w. 


1886 


March 31 


26 


31 ' 19 




aw. 


1887 


Feb. 4 


26 


41 15 




aw. 


1888 


Jan. 5 


27 


16 


7 




S.E. 


♦» 


Nov. 17 


35 


41 


27 




w. 


1889 


« 2 


27 


34 12 




aw. 


1890 


Jan. 19 


27 


28 16 




aw. 


»» 


„ 21 


26 


38 


15 




w. 


'» 


„ 22 


27 


24 


18 


23| 


aw. by W. 
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The British Board of Trade Rules require that bridges in 
exposed situations should be calculated for 56 lbs. per square 
foot, and this pressure to be considered to act over twice the 
area exposed by the girder; the resistance to be provided by 
the dead weight of the structure. 

In order to deduce the pressure from the velocity of the 
wind, measured by means of an anemometer, we may use the 
following formula : — 

P = - 
200 

where P = pressure in pounds per square foot, and Y = velocity 
in miles per hour. 

This formula is due to Smeaton, and represents the pressure 
on small surfaces of about one square foot. 

In the present state of our knowledge of wind pressures on 
structures, it is only possible to estimate roughly the loads 
which may be expected. The experiments of Sir B. Baker, 
although probably the most valuable for our purpose, require 
to be extended considerably before the wind loads on structures 
can be estimated as accurately as the ordinary live and dead 
loads. The importance of the subject in connection with the 
design of large structures may be realized by a consideration 
of Sir B. Baker's estimate of the stresses in the Forth Bridge, 
which are as follows : — 

stresses due to dead load ... ... ... ... 2228 tons. 

ff ii Aivo )f ... ... ... ... xysAA yy 

f } f } Mr inU yy ••• .«• ... ... £i3sM •• 



Total ... ... ... 6224 



»* 



The pressures deduced from anemometer experiments are 
for an instant only, and do not represent the pressure at the 
same instant over a large structure such as a bridge, the 
maximum pressures being due to gusts in advance of the main 
body of the moving mass of air. 

It is known, however, that the velocity of the wind is greater 
the higher the surface exposed is from the ground, and Bankine 
has deduced the greatest average pressure which could be 
realized on tall chimneys as 55 lbs. per square foot. 

By calculating the overturning moment of railway carriages 
and trucks, it is clear that the average wind pressure on the 



»•, - — 
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surface exposed in such cases but rarely exceeds 30 lbs. per 
square foot, as only in very exposed situations and under 
exceptionally strong winds have railway vehicles been over- 
turned. Since 80 lbs. would overturn most of the rolling stock 
on existing railways, it is not necessary to estimate a greater 
pressure on the exposed surfaces of a bridge and train, although 
a greater pressure may be allowed on the bridge itself without 
the train. The correct estimate of the exposed surface is very 
important, and the amount of shelter afforded by the truss on 
the wind side to the truss on the lee side. 

As the pressure of wind on structures which rise a consider- 
able distance above the ground is greater in proportion to the 
height above the ground, tall chimneys, piers of viaducts, 
Eiffel towers, etc., may be calculated for from 50 to 66 lbs. per 
square foot of exposed surface for heights above 100 feet ; the first 
100 feet may be calculated for 40 lbs. In a circular chimney, the 
surface exposed is equivalent to a flat surface the width of which 
is half the diameter of the chimney. In braced piers, towers, and 
bridges, in order to allow for the effect of the wind on the lee 
side, the area on the exposed side should be multiplied by two. 

The American practice in estimating the force of wind over 
bridges is as follows : — 

The train surface is taken as 10 square feet for every foot 
in length, and the pressure of wind at 80 lbs. per square foot, 
or 800 lbs. per lineal foot of train, which must be added to the 
exposed area of the truss in square feet multiplied by 30 lbs. 
The former is treated as a moving load, and the latter as a 
fixed load. 

The bridge is also calculated for the case when the train is 
not on the bridge, by multiplying the exposed surface by 50 lbs. 
per square foot. The maximum stresses produced by either 
method of loading is used for designing the wind bracing. The 
exposed surface of the trusses is sometimes estimated by multi- 
plying the actual area of the vertical projection of chords, 
verticals, and diagonals by two, and adding the result to the 
exposed area of the deck, i.e. to the span of the truss multiplied 
by the distance from the bottom of the stringer to the rail level. 

The following rules are sometimes used for finding the wind 
pressure on trusses : — 

Let A = the actual areas of the upper chord and verticals. 
B = the area of the diagonal ties. 
C = the area of the bottom chord. 
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Then the exposed surface is estimated thus— 

A + f + 20 

This quantity must be added to the area of the floor system 
as before. To find the fixed load, the exposed area in square 
feet, found by either of the foregoing methods, is multiplied by 
30 lbs., and two-thirds of the result is assumed to act on the 
bottom lateral system, and the remaining one-third on the top 
system.^ 

The moving load of 300 lbs. per lineal foot of truss is 
assumed to act entirely on the bottom lateral system in through 
bridges, and on the upper lateral system in deck bridges. 

The intensity of working stress allowed in tension braces is 
15,000 lbs. per square inch for iron, and 18,000 lbs. may be 
allowed in the case of steel. 

The intensity of working stresses is proportionately increased 
on the compression members (see pp. 197 and 198), as the 
maximum wind stresses will only occur occasionally, or may 
never occur. 

The foregoing principles may now be applied to the calcula- 
tions of the stresses due to wind in the truss illustrated in 
Plate II., which has been already considered for the live and 
dead load in Chapter XVIII. 

Figs. 2 and 3 illustrate the plan of the top and bottom 
lateral systems, and Figs. 4 and 5 the sway and portal bracing. 

Length of batter brace = 33 feet 
Length olpz = 19*8 feet 
„ mv! = 25"6 feet 
Sec a = 1-6 

The area of the vertical projection of any truss may be 

' Mr. Theodore Cooper specifies : ^ To provide for wind stresses and yibrations, 
the top lateral bracing in deck bridges and tiie bottom lateral bracing in through 
bridges shall be proportioned to resist a lateral force of 450 lbs. for each foot of 
span ; 300 lbs. of this to be treated as a moving load." ** The bottom lateral bracing 
in deck bridges and the top lateral bracinfc in throtigh bridges shaU be proportioned 
to resist a lateral force of 150 lbs. for each foot of span." Mr. Cooper alsu prefers 
to make the lateral bracing in the floor system to resist compression as weU as 
tension, so that he does not approve of the practice of considering the cross-girders 
as stmts, and designing the diagonals as ties. 

U 



290 Engineering Construction, 



calculated when the sizes of the various members have been 
determined; in this case they have been found (p, 288). 

, , (140 + 66) X 12 X 18 _ .. , . 
Area of the upper chord = ttt = 2Juy sq. leei. 

Area of the six vertical) _ 6 x 26 x 12 x 12 

posts ) " 144 

Area of the two hip) 2 x 26 x 12 x 7 

verticals 5 — 144 

Area of the bottom] ^qq ^ 12 x 6 

chord, averaging 6 = —7 = 90 

inches in width J 

Aiea of the eight dia-| g x 83 x 12 x 6;5 

gonals, averagmg 6*6 > = — =143 

inches in width ) 



= 156 



= 30 



Total = 728 



99 



The effective area = 728 x 2 = 1456 sq. feet 
The area of the floor system = 180 x 3-5 = 680 



Total exposed area = 2086 

The total fixed load on the \ 
apices of the top lateral 



>» 
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system 



2086 X 80 ^^ ^^^ ,^ 
= 20,860 lbs. 



T J T w . 20860 ^,^,^ 
Load per Imeal foot = =116 lbs. 

loO 

Apex load = 116 x 20 = 2820 lbs. = 1-04 tons 
The total fixed load on the ] ^ 2086 x 80 

apices of the bottom > = = 41,720 lbs. 

lateral system j 

41720 
Load per lineal foot = = 232 lbs. 

180 

Apex load = 232 x 20 = 4640 lbs. = 2-08 tons 
Total moving load on the) ,^^ 
bottom lateral system j = 180 x 300 = 54,000 lbs. 

Apex load = 20 x 300 = 6000 lbs. = 2-68 tons 

The following is the tabulation of the stresses : — 
Top lateral system ; fixed load only — 



99 
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PP' = - 1-04 tons ;pq' = 

00' = - 2-08 „ op' = + 2-08 sec a = + 8*22 tons. 

7in' = - 8-12 „ no' = + 3-12 sec a = + 4-99 

mm' = - 4-16 „ mn' = + 4-16 sec a = + 6-66 

Bottom lateral system ; fixed and moving load — 

^e' = - (2-08 + ^ X 2-68) = - 5-06 tons 
ef = 5-06 sec a = + 8*09 tons 
dd' = - (4-16 + Y X 2-68) = - 8-68 tons 
de' = 8-68 sec a = + 18-81 tons 
<?(/=- (6-24 + 51 X 2-68) = - 12-49 tons 
^d' = 12-49 sec a = + 19*98 tons 
bV = - (8-82 + ^x 2-68) = - 16-66 tons 
V = 16-66 sec a = + 26-66 tons 
aa' = - (10-40 + -^/ x 2-68) = - 21-12 tons 
ab' = 21-12 sec a = + 88*79 tons 

Let the bridge be empty and subjected to a wind pressure of 
50 lbs. per square foot. 

The stresses in the lower lateral system will not be increased, 
and need not be considered. 

The pressure at the upper panel-points is — 

2086 X 50 X 20 

180 X 8 X 2240 "" ^"^^ *^'' 

The stresses are therefore — 

pp' = - 1'78 tons pq' = 

00' = - 8-46 „ op' r= 8-46 X sec a = + 5-58 tons 

nn' = - 5-19 „ no' = 5-19 X sec a = + 8*80 

mm' = - 6-92 „ mn' = 6*92 x sec a = + 11-07 



9> 

>9 



2-5 tons must be added to all the foregoing stresses for initial 
tension, and the resolved part of this initial tension, viz. 2-2 
tons, in the compression members. 

Vertical Sway Bracing.— The form of bracing shown in Pigs. 
4 and 5 is very convenient when there is sufficient headway to 
allow for the insertion of the intermediate lateral strut. The 
stresses due to the lateral oscillations caused by the passage of 
the live load cannot be well determined, but the wind stresses 
may be investigated by assuming that the total horizontal 
pressure acting on the wind side of the truss causes it to bend in 
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a Tertical plane towards the lee side, relieving the wind side of 
part of its load, and transferring the same to the lee side. 

The forces acting at the upper and intermediate lateral 
struts (Fig. 4) may be estimated in the following manner : — 

The exposed area of the two trusses = 1456 square feet. 
The total pressure, assuming the bridge to be empty, is 1456 x 
50 s= 72,800 lbs. At each panel the pressure is — 

72,800 X 20 

— r- - = 8088 lbs. = 3-61 tons 

loO 

At the two top panel-points, pp', we have — 

3 X 3-61 ^ ^^^ , 
2-^^^= 0-208 ton 

At the two intermediate points, yz — 

13 X 8-61 ^ „^„ ^ 
-2X26 =°-^«*^° 

The pressure of the wind on the floor system must be con- 
sidered if the cross-girders are attached to the vertical compres- 
sion posts, as the wind pressure acting on the vertical projection 
of the deck will also tend to relieve the wind side of a portion of 
its load, transferring the same to the lee side. 

The total wind pressure on the deck is 630 x 50 = 31,500 lbs. 

The pressure per panel is — 

31500 X 20 ^^^^ ,^ , ^ ^ 

= 3500 lbs. =1-5 ton 
180 

This force acts at the centre of the group of rivets uniting 
the cross-girders to the vertical posts, is 2*4 feet above the 
centre of the pins in the bottom chord. 

If the cross-girders are suspended by means of hangers, the 
wind pressure on the deck will not affect the vertical sway 
bracing. 

In the present case the effect may be estimated by assuming 
a force to be concentrated at the points, pp*yzy which would pro- 
duce the same moment about e as the wind pressure on the deck, 
and therefore relieving the wind side of the same portion of its 
load; thus — 

2-4 X 1-5 ^^, , 
----- =0-04 ton 
4 X 23 
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This must be added to the pressures at the top and inter- 
mediate panel-points already obtained, thus — 

at V = 0-208 + 0-040 = 0-248 ton 
at yz = 0-903 -f 0-040 = 0-948 „ 

The released weight, found by taking moments about e, is — 

2(0-943 X 20) -f 2(0-248 x 26) ^ ,^ , 

vr^ = S*16 tons 

lo 

The stress in the bar p'y = S'16 sec 

= 3-16 X 2-85 = 9 tons 

Add 2^ tons for initial tension,^ making the total stress 11*5 
tons. We may take the working stress as 8 tons for steel, and 
6^ tons for iron in such bars, thus the area required in a steel 

bar is — — = 1*44 square inch. 

o 

The bar pz will be stressed to a similar amount when the 
wind acts on the right side instead of the left. 

The stress in the strut yz may be found by the method of 
sections, thus : Take moments about p', and, considering the 
forces on the lee side, we obtain — 

- 1-191^ X 26 + 0-943 X 6 , ^^ , 

^ = - 4-22 tons 



The horizontal component of the initial tension must be 
added, which will increase the stress to 6*44 tons. 

The stress in the bar pp', considered as part of the vertical 
sway bracing, will also be 6-44 tons ; so that wherever the stresses 
in the top lateral posts are less than this amount, considering 
them as part of the top lateral system, they must be increased. 
In this case the struts oo\ pp\ g'g', and rt^ must be designed for 

* Considerable difference of opinion exists as to the proper amount to aUow for 
initial tension. Professor Burr allows 500 lbs. for all cases of stresses in bridge 
and roof trusses. Mr. Theodore Cooper states in his specifications, ^Tho 

lateral stmts shall be proportioned by the formula I = 9000 — 50-, to resist only the 

resultant due to an assumed initial stress of 10,000 lbs. per square inch upon aU 
the rods attaching to them, assumed to be produced by adjusting the bridge or 
towers." Here I = length of strut, r = the least radius of gyration. Others allow 
about \\ ton per square inch of the section of the bar for initial tension. 

' In Fig. 4, Plate II., this force has been incorrectly engraved as 1*291 instead 
of 1-191. 
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6*44 tons. We may apply either Bankine's or the straight-line 
formula to find the necessary area. 

For angle-iron stmts the following formula may be used for 
finding the working stress, /— 

9300 

^ "*■ SOOOOr* 
I = length of strut 
r = least radius of gyration 

Hence the sectional area will require to be about 3'22 square 
inches, and two angles 5" x 8" x g" at 9*6 lbs. per foot may be 
used. 

The bending moment at y should be considered when the 
bridge is loaded with the live load and 80 lbs. wind pressure. 
The post should be considered as fixed at the ends. 

In this case the increase in the sectional area of the channel 
iron post is about 1^ square inch. The transferred load from 
the wind to the lee side will also slightly increase the com- 
pression on the post. 

The stresses in the portal bracing are found in a similar 
manner to the foregoing by making the following substitutions : — 

(a) For panel pressures at top points, the sum of the panel 
pressures concentrated on one-half of the top lateral system ; i.e. 
in example — 

A.QO 

-|- = 3-46 tons 

(b) For the distance py, Fig. 4, the perpendicular distance 
between the end strut of the top lateral system and the inter- 
mediate portal strut. 

(c) For the depth of the girder the length of the batter brace. 
The released load is — 

6-92 X 33 + 1-89 x 25*4 ,^ ^^^ , 

= 16-023 tons 

lb 

The stress in the bar lm\ Fig. 5 = 16-023 sec = 87-34 tons 
Allowing 5 tons for initial tension in two rods, the total stress 
is 42*34 tons. Two bars 1^ inch diameter will be sufficient. 
The stresses in the intermediate portal strut is—- 
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- 4-405 X 83 + 0-94 x 7'6 

7-6 



= 19*5 tons 



Increase for component of initial tension = 4*44 tons 

/. Total stress = 23*94 tons 

The top strut must also be designed for this stress. The 
section may consist of two channel bars 7 inches deep, at 14^ lbs. 
per foot, spaced 7 inches apart. 

With a wind pressure of 50 lbs., the bottom chord undergoes 
a compressive stress which exceeds the tensile stress produced 
by the dead load, hence a compression member must be intro- 
duced to take the difference of these stresses. The excess of 
compressive over tensile stress is shown in the following table *. — 

Table LXXI. 



Bar. 



1-18 
18-17 
17-lG 
16-15 
15-14 



Tension dae to 
dead load lu tons. 



+ 23 07 
+ 2307 
+ 40-88 
+ 51-91 
+ 57-68 



Compression dne 

to wind pressure 

in tons. 



-26-4 

- 47-23 
-62 84 
-73-63 

- 79-95 



Difference of 
stresses in tons. 



- 8-33 

- 2416 

- 22-46 

- 21-72 

- 22-27 





0^ 



The details of the wind bracing are sufficiently illustrated on 
Plate II. 

The wind pressure produces an increase in the stresses of the 
bottom chord, which will necessitate 
an increase in the sectional area if the 
stress is 25 per cent, greater than that 
for which the eye-bars were designed. 

When the depth of the truss is not 
sufficient to allow for the vertical 
sway bracing shown in Figs. 4 and 5, 
Plate II., angle brackets or knee pieces 
are used, as shown in Fig. 341. 

Let F denote the wind force at the 
panel-points 'p and 'p* — 

2Frf 
The released weight = —r- = w* 






Fig. 341. 



I 

I 
I 

k 



The bending moment at c = -1— (/> — a) — Frf 
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The bending moment at 3^ = F(d - a), considering the post as 
merely supported at each end ; really it is fixed, and the bending 

moment at y is — 

F 

■ -2(d-«) 

The stress in cy is found by taking moments about |?, and 
denoting the perpendicular on cy by x — 

Yd 
Stress in c^ = — 

The stresses in the portal bracing may be found in a similar 
manner, substituting for d, a, and x their actual lengths as 
before. 

Professor Waddeir gives an investigation for determining 

the stresses in the vertical sway bracing 
of a double-track bridge, which may be 
briefly described as follows : — 

When only one track of a double- 
track bridge without vertical sway 
bracing is covered by the moving load, 
the trusses are loaded unequally, the 
load being divided according to the law 

of the lever. 

If vertical sway bracing is used, 
we may assume that the load is equally 
divided between the trusses, the differ- 
ence between the loads being taken up 
by the sway bracing, thus (Fig. 342) : — 

Let R and Ri = the reactions produced by a load on one 

track. 
W = the load. 
G = the load transferred by the bracing ; then— 




FlO. 342. 



G 



= R«W^ /2a+J>x W^_Wa_ 
2 \1{si + h)) 2 2(a-|-6) 



The stress in the vibration rod JH is— 



G sec = 



Wa sec 



1 «( 



2(a -f h) 
Memoirs of the Tokio Daigaku," by Professor J. A. L. WaddeU. 
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The stress in JK is- 



Wa 2(a + h) Wa 

X 



2(a + h) f f 

The stress in GH can be shown to be zero. 
The bending moment at E is — 

This bending moment does not exist at the same time as 
the maximum stress in the post HF, and need not generally be 
considered. 

The bending moment produced in the long vertical posts 
about the centre of the trusses in double-line railway bridges 
will in general require the section of the post to be increased in 
area beyond that found for the ordinary live and dead loads. 
It should be remembered that this bending moment has been 
calculated on the assumption that the reactions B and Bi have 
been exactly equalized by the bracing ; again, no account has 
been taken of the fact that the vertical post acts as a beam fixed 
at the ends in resisting the bending moment at E. Taking these 
matters into consideration, it follows that the actual bending 

moment is probably not greater than — . 
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STRESSES IN BRACED PIERS. 



Braced piers must be designed not only to carry the dead and 
live load discharged by the main girders or trasses, but to resist 
the maximum horizontal force due to wind. 

The stresses due to wind are considerable in lofty viaducts of 
this class. One of the best examples occurs on the New York, 
Lake Erie, and Western Coal and Railway Company's Rail- 
way across the Einzua Valley. The superstructure consists 
of lattice deck girders designed for a single line, spaced 10 
feet apart transversely, and alternatively of 61 and 38^ feet 
spans. 

The towers or piers vary in height from 20 to 280 feet ; the 
total height from rail level to the water level in the Einzua 
Creek is 801 feet. The piers are composed of PhoBuix columns 
for the main compression members and transverse struts, with 
longitudinal struts of four latticed angles and diagonal tension 
rods arranged in pairs. Very high winds sweep through the 
gorge, which, taken in conjunction with the vibrations caused 
by passing trains on such a lofty viaduct, necessitate careful 
consideration. 

The width of the piers at the top is 10 feet, and at the 
widest part of the base 108 feet. 

The method of obtaining the stress in braced piers will be 
illustrated in the following example : — 

Figs. 848 and 844 show two views of a braced pier of similar 
proportions to those adopted for the Einzua viaduct. The wind 
is supposed to act on the right side, and the stresses on one of 
the frames of the pier will be investigated. 
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Let Fi = the pressure on the train taken over one-half the 

spans r and 9. 
P2 = the pressure on the main girders taken over the 

same distance as Fi. 
^11 <^'2> ^^3> and w^ = the panel pressures acting at the 

four corners of the pi^r at each story. 
H = the total horizontal force acting at the top of 

the pier. 
W = the dead load of half the spans r and %^ in addition 

to the live load distributed oyer them, considered 

as acting at the points u v. Fig. 843. 
Wi, W2, W3, and W4 = the panel weights of the pier 

itself acting at the joints as shown in Fig. 848. 
The remaining quantities are sufficiently explained in 
Fig. 848. 




yyyyxxxx)^ 
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The wind pressures Pi and P, on the train and main 
girders will relieve the pressure at v, and transfer an equal 
amount to u. 

Let X denote this amount ; then — 



X = 



Pia + Paft 
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Therefore the resoltant reactions at ti and v will be re- 
spectively — 

The horizontal component of x must be added to the hori- 
zontal forces Pi and Ps, and to the panel pressures w^ to find the 
total force acting at the top of the pier — 

H = Pi + Pa +a;tanfl + %c. 

We can set off H and the panel pressures 7r2, w^ and ic^ on 
a horizontal line as a force polygon, and obtain the reciprocal 
polygon in the usual way, thus determining the ^vind stresses. 
Fig. 845. 

The post 01 and the diagonals indicated by the dotted lines 

are unstressed when the direction of the 
wind is as indicated. If the wind acts 
in the opposite direction, the post EJ 
will be unstressed as well as the bars 
IJ, LE, and MN. The force Y acting at 
the base of the pier is represented in 
magnitude by the length of the line TT 
in the reciprocal polygon. Fig. 345. It 
tends to produce sliding at the bed- 
plates, and must be resisted by the 
frictions developed by the total reactions 
due to the live and dead load added to 
the reactions measured from Fig. 845, 
or by the horizontal resistance at the 
feet of the posts due to these reactions 
added to the shearing resistance of the 
bolts. 

The stresses obtained by measuring 
the lines in Fig. 345 must be added to those produced by the 
live and dead loads, thus — 




FlO. 845. 
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Table 


LXXII. 


Member of Btractnre, 
Fig. 343. 

i 


Stress due to wind 

pressure obtained 

from Fig. 345. 


Stresses due to live aod dead loads. 


JE 

1 


-JE 


/W \ 


KF 


-KF 


-(Y + a^ + W, + W,j secfl 


MG 


-MG 


-(Y + ^ + W, + W, + W,)8eca 


10 






LP 


+ LP 




NQ 


+ NQ 


.^^_a.4.W,+W, + W,)8eoft 


IE 


r-lE 

1 


( 2 + W,) tan a 


JL 
KN 

TM 


-JL 
-KN 

1 - TM 


- W, tan e 

- W, taii(? 

+ (- - a; + W, + W, + W,) tan ^ 


IJ 

LK 

NM 


+ IJ 
+ LK 

+ NM 


. 



The total reactions Bi and Ba may also be found by adding 
the vertical reactions due to wind pressure as measured from 
Fig. 845, to the total live and dead load on each side of the 
frame, thus — 

El = ^J- flj + Wx + W, + W3 + W, + E/ (Fig. 845) 

w 

E» = -^ + « + Wi + Wj + W3 + W« + E»' (Fig. 846) 

It will generally be necessary to investigate the stresses in 
the pier when the live load is not on the main girders, as it may 
happen, for instance, that the tension in the diagonal members 
will be increased; 50 lbs. per square foot of exposed area, 
estimated as in the case of trusses, should be allowed when the 
train is off the structure, and 80 lbs. when the train is on 
the structure. The maxima stresses due to either case should 
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be used in designing the structure. The same remarks as to 
initial tension and intensities of working stress in the lateral 
systems of main girders and trusses apply without modification 
to braced piers. 

In a braced pier carrying a double line of railway, the 
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maxima stresses in the diagonal members of the pier will 
occur -when the live load is on the same side as the wind, the 
lee side line of rails being empty. 



PLATE III. 
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The stresses due to the horizontal traction of the train 
should be added to those already found. If the line is curved, 
the force acting along the radius of the curve due to the motion 
of the train in the curve should also be considered. 

The stresses in Eiffel towers may be investigated in a similar 
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manner to that indicated for a braced pier, the only vertical 
forces being the weight of the structure and the loads on the 
various floors which may be considered as acting vertically at 
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the panel-points. The stresses due to these loads shotdd be 
added to those obtained by drawing a reciprocal polygon for the 
horizontal forces due to wind. The inclination of NQ and M6 
may easily be adjusted from the diagram of wind pressure, so 
that the diagonal members MN are not necessary. 

Timber Trestle Piers.— Figs. 109 and 114 illustrate the method 
of constructing trestle piers or bents of timber in viaducts of 
moderate height. When the height of the trestle pier is under 
10 feet it is not usual to provide sway bracing, and from 10 to 20 
feet sway braces are arranged as shown in Fig. 114. The braces 
should be bolted to the cap, to each pile or i>ost, and to the 
sill with bolts | inch in diameter, with cast-iron washers under 
both the head and the nut. 

Where the height of the pier exceeds 20 feet, the upper panel 
should be made from 15 to 20 feet, and the odd lengths put in 
the lower panel. 

Figs. 846 and 847 illustrate a high timber trestle pier used 
on the Califomian and Central Railway, United States, America. 
These high piers require the greatest care and attention on the 
part of the designer. High trestle piers of timber present great 
varieties in design. They should be thoroughly sway-braced, 
each story having one set of braces. Counter-posts are also 
used to stiffen the bent, and longitudinal bracing between the 
bents, either in every bay or in every third or fourth bay, 
arranged horizontally and diagonally. A good plan is to brace 
every third bay diagonally so as to form a tower, and to 
provide simply horizontal longitudinal braces between the bents 
in the intermediate bays at each story. 



CHAPTER XXI. 

CONTINUOUS aiBDEB BOAD BRIDGE. 

The calculation of the stresses in continuous girder bridges may 
be illustrated by the following example of a road bridge. 

The bridge is illustrated in Plate III., and consists of two 
wrought-iron continuous lattice main girders 464 feet long over 
all, supported upon iron cylinder piers, forming three spans of 
140 feet 8 inches, 182 feet, and 140 feet 8 inches respectively, 
measured from the centres of the piers. 

The main girders are spaced 21 feet centres across the bridge, 
and are 10 feet deep, excepting at the ends, which are curved to 
an elliptical outline. The top and bottom booms or chords are 
trough-shaped, formed with horizontal plates and T-irons riveted 
together. 

The web consists of vertical struts over river piers and plates 
over land piers, with flat lattice bars for the tension members, 
and channel bar compression members braced together, with 
ladder bracing set at an angle, the tangent of which is ^. 

The cross-girders are attached to saddles riveted to the 
bottom boom immediately over the apices of the tiiangulation, 
dividing the girder into panel lengths, each 7 feet long measured 
from apex to apex, or centre to centre of cross-girder. 

Longitudinal timber beams are attached to the top flanges of 
the cross-girders, upon which is laid a continuous floor of planks 
4 inches thick. There is a timber kerb on each side of the 
roadway having a clear width of 18 feet. 

The piers are each constructed with two cylinders filled with 
cement concrete and braced together. The diameter of the 
cylinders of the river piers is 6 feet, and of the land piers 4 feet 
6 inches. 

X 
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The upper portion of each cylinder consists of wrought-iron 
plates f inch thick, riveted together with single butt joints. 

The lower portion consists of cast iron in lengths of 6 feet 
and 1\ inch thick, with making-up piece of a length depending on 
the depth of foundation. Only two lengths are shown on tte 
plate ; the bottom length is 1\ inch thick, and is provided with 
a cutting edge to facUitate sinking. The wrought-iron cylinders 
are secured together with diaphragm bracing having elliptica 
openings, and consists of |-inch plates and 3 x 8 x f inch angle 
bars arranged as shown. 

The cylinders are sunk by excavating the material from the 
interior and loading untU a satisfactory foundation is obtained. 

The dimensions of the plates, bars, angles, channels, etc., 
as well as the prmcipal details are shown on Plate III. 

CroBS-Oirders.— The dead load on one cross-girder consists of 
the weight of the floor, timber stringers, and the weight of the 
cross-girder itself. The dimensions of the stringers and the 
thickness of the floor may easily be determined from the data 
given, as explained in Chapter XIV. The weight on the drivmg 
wheels of the traction engine in the worst position must be 
taken. The sizes actually adopted are shown on Plate III.,^ and 
the weight of timber is 827 lbs. per foot run of bridge. The 
dead load on one cross-girder is therefore — 

7 X 827 = 5789 lbs. = 2-6 tons distributed 
Assumed weight of cross-girder = 1*0 ,, » 

Total dead load = 8*6 „ » 

The distributed live load is — 

84 X 18 X 7 = 10,584 lbs. = 4*75 tons distributed 

Concentrated load from traction engine shown in Figs. 822 
and 328, which may be in the centre of the bridge, = 9*5 tons. 

Hence we must design the cross-girder for the 9'5 tons in the 
centre plus the distributed dead load of 3-6 tons. This will be 
equivalent to a uniformly distributed load of 22'8 tons. 

The bending moment in the centre is, since the girder is 
21 feet span — 

22-8 X 21 



8 



= 59*85 foot-tons 



» The floor in this bridge consists of New Sonth Wales taUow-wood, and the 
stringers of ironbark. The weight is therefore greater than would he the case 
with pine timbers. 
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The effective depth may be 1'83 feet, and the working stress, 
considering that the maximum load occurs very seldom, and 
then without much impact, may be found by the following 
formula : — 

4.7/^1 +^5^:^4.7/^1+ - ?^^ _")= 5-076, say 5 tons 
I, -^^S^; I 2x22-8>' per square inch 

The moment of resistance of the bottom flange is — 

» 

/ad = 5 X 1-83 X a = 9-15a 
.-. 9-15a = 59-85 

.-. a = 6'54 square inches 

The section provided consists of— ^ 

2 angles 3" x 3" x i" = 4-7 square inches 
1 plate 54" X r = 2 

Total area = 6-7 „ „ 

The diameter and pitch of the rivets, and the thickness of 
web plate with regard to the intensity of shearing stress, may be 
investigated as in the other examples given. 

The rivets are | inch diameter and 4 inches pitch. 

The web is ^ inch thick. 

The weight of the cross-girder may be calculated in the 
manner already sufficiently illustrated, and will be found to 
weigh 2238 lbs. 

The total weight of the deck, including cross-girders, per foot 
run is = 0*51 ton. 

Hain Girders. — The dead load on one main girder is half the 
weight of the deck and the main girder itself. 

Total weight of deck per foot run = 0*256 ton. 

The live load per foot run is — 

84 X 18 



2 X 2240 



= 0-337 ton 



The weight of the main girder per foot run may be approxi- 
mately estimated by means of the formula — 

W Wr 

-Y = 7^ T> where I = the mean span x 0-8, and C = 1200 



i = 154 X 0-8 = 123-2 
W, 128 X 0-6 X 12-8 



I 1200 X 5 - 128 X 12-8 



= 0*2 ton per foot ran 
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The total dead and live load distributed per) ^ „^. . 
* . J = 0*798 ton 

foot ran 3 *^ ^ 

The dead load per foot run used in the) _ ^/^ ^. 
following calculations 5 ^ ^ ' 

The liye load per foot run s 6*75 cwt* 

Cage I. — Span II. fully loaded, ici = 10 cwt., irj = 16'75 
cwt., tTs = 10 cwt. 

2m,{U0 + 182) + 182wa = 4(10 x 140» + 16-75 x 182^ 

/. vii = 111, = 88,867-6 foot-cwt. = 1948-4,! 

say 1944 foot-tons 

•10/^./. ^ 88867 
/. ,=-(140x-a?)-^j^a:=:0 

.-. X s 84*5 feet, say 84 feet 

y, z=z i^(182a? --a^ ^ 88867 = 

X = 80-67 feet from piers I. and II. 

Taking the nearest apex« say 28 feet. 

Case 11. — Spans I. and II. fully loaded, zvi = ifa = 16-75 
cwt., Ws = 10 cwt. 

.-. 644mi + 182?w, = i(16-75 x lio'' + 16-75 xjl82^ 

and 182wh + 644m, = J(16'75 X 182^ + 10 x 140^ 

m^ = 86,659 foot-cwt. = 1883 foot-tons 
nil = 2384 foot-tons 

16*75,,^^ ^ 46681 ^ 

.-. X ss 100-2 feet from abutment I. 

Taking the nearest apex, say 98 feet. 

16*75,, «^ ^ «^,,^ 46681-86659 
2/2 = -^(182x-a;^- 36,659- — a? = 

.-. a; = 80 feet and 145 feet from Her II., say 28 and 49 feet, 
from Piers II. and III. respectively 

.-. X = 87-6 feet from abutment II., say 91 feet 

Case III. — Spans I. and III. fuDy loaded. Wi = w^ = 16*75 
cwt., 14^2 = 10 cwt. 
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644mi + 182m3 
826n(, 



i(16-75 X "140* + 10 X 182»), and Wj = wi, 

26,561,920 

ffi, s= 32,157 foot-cwt. = 1608 foot-tons 

16-75,,^^ - 32157 
yi=-^(140-«»)-^^^ = 

.'. X = 112'6 feet from abutments I. and II., say 
112 feet 

yj = ^^182a; -!^- 32157 = 

.-. or = 48 and 184 feet from piers I. and II., say 49 
and 188 feet 

The points of contra-flexure having been determined, the 
shearing stresses oyer piers and abutments should be calculated. 
The results are given for the various cases in the following 
table : — 



Tablb LXXIIL 



Cam. 



Shear at 



I. 



iilI 
I. 



II. 



K 



Abuts. L and 
Pien I. and 

I Piers L and II. 
I Point of ooDtra- 
\ flexure 
Abntment I. 
Pier I. 
Pier I. 
Point of oontra- 

flezure 
Pier II. 
PierIL 
Abutment II. 
Abuts. 1 and IL i 
Piers I. and II. / 
Piers L and IIL 
Point of oontra- 

flexure 



Dae to loading with the 
fQll load on 



Spans I. and III. 

Span II. 
Span L 

Span II. 

Span III. 
Spans I. and III. 

SpanIL 



Shear in 
tons. 



21125 
48-88 

76-20 
50-52 

41-86 
75-19 \ 

7914 / 
48-16 



73-28 \ 
48-10 / 
2190 
j 47-15 
\ 70-10 I 

45-50 / 
21-50 



Preaenreon 

Bupporuin 

tons. 



( 



{ 



125^)8 



154-88 



121-88 



115-60 



If aximnm shear 
in tons. 



On abutment 
dne to Case 
IIL =4715 

On piers due 
to Case II. 
= 154-38 



The bending moments in the centre of each span considered 
as a detached girder are — 

For the 140 feet spans fully loaded — 



m := 



16-75 X 14^ 
20 X 8 



= 2052 foot-tons 
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For the dead load only — 

10 X i40^ ,^^, ^ ^^ 
^ = rt/^ o~ = 1225 foot-tons 
20 X 8 

For the 182 feet span fully loaded— 

16-75 X 182^ „,,^, ^, 

m = — r — = 3468 foot-tons 

8 X 20 

For the dead load only — 

10 X 182^ ^^^^ ^ ^ ^ 
w = - ^^ = 2070 foot-tons 
8 X 20 

The diagram of upward and downward bending moments 
may now be plotted to scale, and the positions of the points of 
contra-flexure determined as a check on the values given by the 
equations. The diagrams of bending moments may, however, 
be plotted from the results of solving the equations of bending 
moments for different values of x^ which may be taken as 1, 2, 
3, 4, etc., times the panel length, viz. 7 feet; i.e. a: = 7, 14, 
21, etc. 

If the latter method is adopted, it will be correct for a plate 
web girder, and very nearly correct for such a lattice girder as 
the one under consideration; these diagrams are left for the 
student to draw for himself. The method adopted in this 
example will be similar to that explained for lattice girders in 
Chapter VIII. 

The shearing-stress diagrams can be drawn in the manner 
shown in Fig. 215, using the results given in the foregoing 
table, and the stresses in the lattice bars may be deduced with- 
out difficulty. 

Here also the method adopted will be the same as explained 
in Chapter VIIL, as the results will be more accurate. 

For a plate web girder, however, the shearing stresses may 
be scaled from the diagram. The stresses in the booms or 
chords, and the lattice bars, will now be considered by the 
method referred to. 

Dead Load. — ^Let w^ denote the load at each apex. = 35°, 
.-. sec e = 1-22077, and tan = 0-7. 

•'. tri = - X 7 = 3-5 tons 
u\ sec e = 3-5 X 1-22077 = 4-27 tons 
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Live Load. — Let to^ denote the live load at each apex. 

6-75 
/. tij, == — -- X 7 = 2-3625 tons 

W2 sec fl = 2-8625 x 1-22077 = 2-84 tons 

Dead and Live Load. — Let w^ denote the total load at each 

apex — 

16-75 
/. wz = —^;pr X 7 = 5*8625 tons 

tv^ sec e = 5-8625 x 1-22077 = 7*15676 tons 
wz tan e = 5-8625 x 0*7 = 4-10375 tons 

The values of 2i\ sec and W2 sec will be used in tabulating 
the stresses in the lattice bars in the manner illustrated in 
Chapter VIII. 

The concentrated moving load of the traction engine will 
generally increase the stresses on some of the lattice bars towards 
the middle of the spans, and should always be considered. In 
this example the most natural place for the engine is in the 
centre of the bridge, and w^ = 8 tons therefore has been taken 
at each apex, giving a value for w^ sec = 9*76616 tons. In a 
bridge with a wider deck, the traction engine should be assumed 
to be close to the kerb on one side, and the load divided between 
the two girders by the law of the lever, giving a correspondingly 
greater apex load on one of the girders, which should be used in 
tabulating the maxima stresses near the centre of the effective 
spans. The values of w^ tan will produce the maxima stresses 
in the chords or booms, and should be used in tabulating these 
stresses in the manner illustrated in Chapter YIII. (Figs. 147, 
149, and 150). 

It will now be most convenient to make outline diagrams of 
the effective spans and the cantilever portions of the main girder 
for the three cases of loading considered, and to write index 
numbers on the lattice bars as in Figs. 147, 149, Chapter YIII. 

The stresses in both the lattice bars and booms can then be 
tabulated. Only the results of these tabulations will be given, 
as the methods are fully illustrated in the chapter referred to ; 
but it will facilitate the work if a table is first prepared giving 
the values of Wi sec and w^ tan when multiplied by the index 
numbers, such as the following : — 
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Table LXXIV. 




Table LXXV. 


For the de«d-l<Md ilrttui 


For the llTe snd dnd loud etraMes IB the ckoidi or 


in the 1 


•tttoehen. 

wiiee#s 

4*27 nnltl- 

plied bj the 

Index. 




1 


MMne. 




Index 
number. 


Index 
n umber. 


«0i tan #s 
4-1 mnUlplled 
• by the index. 

1 

2-05 


Index 

nnmber. 


«^tu#= 
4-lMltlplfed 
l^thetadex. 


0-5 


214 


0-5 


6-0 


24-62 


1-0 


4-27 


10 


410 


6-5 


26-67 


1-5 


6-41 


20 


8-21 


7-0 


28-73 


2-0 


8-55 


3-0 


12-31 


8-0 


32 84 


25 


10-68 


3-5 


14-36 


90 


36^ 


3-0 


12-82 


40 


16-42 


lOi) 


41-04 


3-5 


14-95 


4-5 


18-47 


11-0 


45-14 


40 


17-09 


5-0 


20-52 


12D 


49^ 


4-5 


19-23 


5-5 


22-57 


13-0 


53-35 


50 


2136 










5*5 


23-50 










60 


25-63 










6-5 


2777 










7-0 


29-91 











The live stresses in the lattice bars may be found as in 
Chapter VIII., p. 127, using the foUowing valoes : — 
For the centre span — 



w, sec % 2*8848 



I 



18 



= 0-16028 ton 



, w, seoO 2-8848 „,«„^^^ 
and -^ — = ,_ = 0-16965 ton 



I 



17 



For the side spans — 

n-2 sec 2-884 



I 



14 



= 0-206 ton 



, «2 sec 2-884 
also — = = 0-18026 ton 



I 



16 



This will necessitate four separate tabulations if worked out 
completely. 

For the concentrated load due to the traction engine :— 
For the centre span — 



«'< sec % 9-76616 



I 



18 



= 0*54256 ton 



also ^^i??l? = 9J76616 ^ ^. 



I 



17 



57448 ton 
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For the side spans — 

n\ sec e 9-76616 



I 14 



= 0-69758 ton 



, /r4sece 9-76616 ^^,^„^^ 
also —, — = — zrr~ • = 0-61088 ton 

6 16 

These will reqaire, if worked out completely^ four more 
separate tabulations. 

It is not generally necessary to work out the tabulations for 
all these cases completely, as a little experience will enable the 
computor to decide which cases produce maxima stresses in the 
effectiye spans and cantilevers. 

A careful consideration of the diagrams of shearing stress, 
which should generally be made before commencing the detailed 
tabulations, will help the computor to decide which cases require 
to be fully worked out, and where the cases not fully worked 
out are likely to increase those tabulated. By referring to the 
following tables of stresses in lattice bars, it will be seen how 
far the traction engine increases the stresses due to the dead 
and moving loads. If the wheels of the traction engine had 
been taken as close as possible to the kerb, the effect would 
have been greater. Again, if the spans were smaller, a greater 
number of lattice bars would be governed by the load on the 
wheels of the traction engine. In any span, if the extreme 
positions of the point of contra-flexure is known, there will be no 
difficulty in determining the maxima stresses in the two effective 
spans and the two cantilevers, either for the dead and moving 
load, or for the dead load and the traction engine. 
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Table LXXVI. 

Canru Spak.— Table or Stbkssu m Cbobm ob Booms ik Toks. 



Nninber of 

chord or 

boom. 


GkmL 

Span U. foil J 

loAded. 

- 166-20 


GMeU. 

&Mk]UL«Od 

U. fblly 
loMled. 

- 147 74 


1 GueUl. 
8pu«I.ttid 
lU.fUly 
loaded. 


lUximA. 


llininuL 


1 


- 4410 


-166-20 


— 4410 


2 


+ 16415 


+ 143-63 


+ 42-88 


+ 166-20 


+ 42-88 


8 


- 16210 


- 139-53 


- 41-65 


- 16210 


— 41-65 


4 


+ 160-05 


+ 139-53 


+ 40-43 


+ 160H)5 


+ 4043 


5 


- 153-89 


- 131-32 


- 36-75 


-153-89 


— 36-75 


6 


+ 151-84 


+ 127-22 


+ 35-53 


+ 151-84 


+ 35-53 


7 


- 141-58 


- 114-91 


- 29-40 


- 141-58 


— 2940 


8 


+ 139-53 


+ 114-91 


+ 28-18 


+ 139-53 


+ 28-18 


9 


- 125-06 


- 98-49 


- 19-60 


-125-06 


- 19-60 


10 


+ 12311 


+ 94-39 


+ 18-38 


+ 123-11 


+ 18-38 


11 


- 104-65 


- 73-87 


- 7-a5 


-104-65 


— 7-35 


12 


+ 102-59 


+ 73-87 


+ 6-13 


+ 102-59 


+ 613 


13 


- 8002 


- 49-25 


"+ "7-35 


- 80-02 


+ 7-35 


14 


+ 77-97 


+ 45-14 


- 8-58 


+ 77-97 


— 8-58 


15 


- 51-30 


- 16-42 


+ 24-50 


- 51-30 


+ 24-50 


16 


+ 49-25 


+ 16-42 


- 25-73 


+ 49-25 


- 25-73 


17 


- 18-47 


"+ 76-42"" 


+ 4410 


+ 44-10 


- 18-47 


18 


+ 16-42 


- 20-52 


- 45-33 


- 45-33 


+ 16-42 


19 


+ 18-47 


+ 57-45 


+ 06-15 


+ 66-15 


+ 18-47 


20 


- 20-52 


- 57-45 


- 67-38 


- 67-38 


- 20-52 


21 


+ 59-50 


+ 98-49 


+ 90-65 


+ 98-49 


+ 59100 


22 


- 61-56 


- 102-59 


- 91-88 


- 102-59 


- 61-56 


28 


+ 104-65 


+ 147-74 


+ 117-60 


+ 147-74 


+ 104-65 


24 


- 106-70 


- 147-74 


- 118-83 


- 147-74 


— 106-70 


25 


+ 153 89 


+ 196-98 


+ 147-00 


+ 196-98 


+ 147-00 


26 


- 155-94 


- 201-08 


- 148-23 


- 201-08 


— 148-23 


25-27 


+ 180-57 


+ 225-71 


+ 162-93 


+ 225-71 


+ 162-93 


26-28 


- 180-57 


- 225-71 


-162-93 


- 225-71 


-162-93 


B.iniat^ 

centre / 

B. mi at \ 

piers j 


1525 ft.-tons 


1310 ft-tons 


462 fL-ions 


. 




1944 „ 


2334 „ 


1608 „ 







"* • ^ • signifies point of contra*fleziire. + Tension. — Compression. 
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Table LXXVII. 
Cbntbx Span. — Scmmart of Stbbsses nr Lattiob Babs in Tons. 





Evenly distributed Uve 


Number 


and dead load streasee 


ofbar. 


due to unequal load- 




ing of spans. 




Maxima. 
+ 7-16 


Minima. 


1 


+ 2-14 


2 


- 


- 


3 


+ 7-16 


+ 4-27 


4 


- 716 


- 214 


5 


+ 14-31 


+ 6-14 


6 


- 716 


- 4-27 


7 


+ 14-31 


+ 8-55 


8 


- 14-31 


- 6-41 


9 


+ 21-47 


+ 10-68 


10 


- 14-31 


- 8-55 


11 


+ 21-47 


+ 12-82 


12 


- 21-47 


-10-68 


13 


+ 28-63 


+ 14-95 


14 


- 21-47 


- 12-82 


15 


+ 28-63 


+ 17-09 


16 


-28-63 


- 14-95 


17 


+ 35-78 


+ 19-23 


18 


-28-63 


-17'09 


19 


+ 35-78 


+ 21-36 


20 


-35-78 


- 19-23 


21 


+ 42-94 


+ 23-50 


22 


-35-78 


- 21-36 


23 


+ 42-94 


+ 25-63 


24 


- 42-94 


- 23-50 


25 


+ 50-10 


+ 27-77 


26 


- 42-94 


-25-63 



Stresses due to dead 
load and to di8tri> 
bnted moving load. 



^T" Tension, 
preesion. *»="■•""• 



0-42 + 8-52 

339 + 3-20 

+ 9 37 

8-52 + 0-42 

\ + 14-67 



9-37 
14-67 
15-69 
21-15 
22-32 
27-97 
28-63 



+ 15-69 
+ 21-15 
+ 22-32 
+ 27-97 
+ 29-32 
+ 32-21 



Stresses due to the 
dead load and con- 
centrated load of 
the traction engine. 



Com- 
pression. 

- 1-66 

- 4-34 

- 9-44 

- 1001 

- 14-87 
-15-44 
-20-29 

- 20-86 

- 25-71 

- 25 77 



Tension. 



+ 9-44 
+ 4-60 
+ 10-01 
+ 1-66 
+ 14-87 

+ 15-44 

+ 20-29 

+ 20*86 

+ 25-71 

+ 26-28 

+ 28-45 



Total final stresses. 



Maxima. 



+ 9-44 
+ 4-60 
+ 1001 

- 9-44 
+ 14-87 

- 10-01 
+ 15-69 

- 14-87 
+ 21-47 

- 15-69 
+ 22-32 

- 21-47 
+ 28-63 

- 22-32 
+ 29-32 
-28-63 
+ 35-78 
-28-63 
+ 35-78 
-35-78 
+ 42-94 
-35-78 
+ 42-94 
-42-94 
+ 50-10 

- 42-94 



Minima. 



+ 
+ 
+ 



1-66 
4-34 
4-27 
1-66 
614 
4-27 
+ 8-55 

- 6-41 
+ 10-68 

- 8-55 
+ 12-82 
-10-68 
+ 14-95 

- 12-82 
+ 17-09 

- 14-95 
+ 19-23 
-17-09 
+ 21-36 
-19-23 
+ 23-50 

- 21-36 
+ 25-63 

- 23-50 
+ 27-77 

- 25 63 



Table LXXVIU. 

Side Spam.— Table of Smana nr Cbohm ob Boom n Tova. 





Grtfie I. 
Spui II. tnWj ; 

l<»d«l. ' 

+ 196-00 


GkMiL 


GMello. 1 


CMalll. 






Number 
of bay. 


Spana I. aod 
ILfally 


SfMUM I. and , 
U.ftill7lotuled. 


SpanaL and 
IIL fUly 


Vaxlina. 1 


unw^twk^ 




loftded. Span I. 
+ 246-23 


Span III. 


loaded. 






25-27 


+ 171-50 


+ 164-15 


+ 246-23 


+ 164-15 


26-28 


- 196<00 


-246-23 


- 171-50 


- 164-15 


-246-23 


- 164-15 


27 


+ 178-85 


+ 219-55 


+ 154-35 


+ 139-53 


+ 219-55 


+ 139-53 


28 


-180-08 


- 221-60 


- 156-80 


- 141-58 


- 221-60 


- 141-58 


29 


+ 147-00 


+ 170-31 


+ 124-95 


+ 94-39 


+ 170-31 


+ 94-39 


SO 


- 148-23 


- 172-36 


- 124-95 


- 96-44 


- 172-36 


- 96-44 


31 


+ 117-60 


+ 125-06 


+ 95-55 


+ 53-35 


+ 125-06 


+ 53-35 


32 


- 118-83 


- 127 22 


- 9800 


- 55-40 


-127-22 


- 55-40 


33 


+ 90-65 


+ 8413 


+ 7105 


+ 16-42 


+ 90-65 


+ 16-42 


34 


- 91-88 


- 8618 


- 7105 


- 18-47 


- 91-88 


- 18-47 


35 


+ 66-15 


+ 47-19 


+ 46-55 


- 16-42 


+ 66-15 


+ 16-42 


36 


- 67-38 


- 49-25 


- 49-00 


+ 14*36 


- 67-38 


+ 14-38 


37 


+ 4410 


+ 14-36 


+ 26-95 


- 45-14 


- 4514 


+ 4410 


38 


- 45-33 


- 16-42 


- 26-95 


+ 4310 


- 45-33 


+ 43-10 


39 


+ 24-50 


- 14-36 


+ 7-35 


- 69-76 


- 69-76 


+ 24-50 


40 


- 25-73 


+ 12-31 


- 9-80 


+ 67-71 


+ 67-71 


- 25-73 


41 


+ 7-35 


- 38-99 


"l*"?^"" 


- 90-28 


- 90-28 


+ 7-a5 


42 


- 8-58 


+ 36-93 


+ 7-35 


+ 88-23 


+ 88-23 


- 8-58 


43 


- 7-35 


- 59-50 


- 22-05 


-10670 


-106-70 


- 7-35 


44 


+ 613 


+ 57-45 


+ 19-60 


+ 104-65 


+ 104-65 


+ 613 


45 


- 19-60 


- 75-93 


- 31-85 


- 11901 


- 11901 


- 19« 


46 


+ 18-38 


+ 73-87 


+ 31-85 


+ 116-96 


+ 116-96 


+ 18-38 


47 


- 29-40 


- 88-23 


- 41-65 


- 127-22 


-12722 


- 2940 


48 


+ 28-18 


+ 8618 


+ 39-20 


+ 125-06 


+ 125-06 


+ 2818 


49 


- 36-75 


- 96-44 


- 46-55 


- 131-32 


- 131-32 


- 36-75 


50 


+ 35-53 


+ 94-39 


+ 46-55 


+ 129K)7 


+ 12907 


+ 35-53 


51 


- 41-65 


-100-54 


- 51-46 


- 131-82 


- 131-32 


- 41-65 


52 


+ 40-43 


+ 98-49 


+ 4900 


+ 129-07 


+ 12907 


+ 40-43 


53 


- 4410 


-100-54 


- 51-46 


- 127-22 


-127-22 


- 4410 


54 


+ 42-88 


+ 98-49 


+ 51-46 


+ 125-06 


+ 125-06 


+ 42-88 


55 


- 4410 


- 96-44 


- 51-46 


- 11901 


- 11901 


- 4410 


56 


+ 42-88 


+ 94-39 


+ 4900 


+ 116-96 


+ 116-96 


+ 42-88 


57 


- 41-65 


- 88-23 


- 46-55 


- 106-70 


-106-70 


- 41-65 


58 


+ 40-43 


+ 86-18 


+ 46-55 


+ 104-65 


+ 104-65 


+ 40-43 


59 


- 36-75 


- 75-93 


- 41-65 


- 90-28 


- 90-28 


- 86-75 


60 


+ 35-53 


+ 73-87 


+ 39-20 


+ 88-23 


+ 88-23 


+ 35-53 


6t 


- 29-40 


- 59-50 


- 31-85 


- 69-76 


- 69-76 


- 2940 


62 


+ 28-18 


+ 57-45 


+ 31-85 


+ 67-71 


+ 67-71 


+ 28-18 


63 


- 19-60 


- 38-99 


- 22-05 


- 45-14 


- 4514 


- 19-60 


64 


+ 18-38 


+ 36-93 


+ 19-60 


+ 4310 


+ 43-10 


+ 18-38 


65 


- 23-50 


- 46-52 


- 2563 


- 53-68 


- 53-68 


- 23-50 


66 


+ 13-48 


+ 26-67 


+ 14-70 


+ 30-78 


+ 30-78 


+ 13-48 


B.mt \ 
at oentre/ 


44-60 


105-00 


48-40 


132-7 






foot-tona 


foot-tona 


foot-tona 


foot-tona 






B.iiit \ 
atpien / 


1943-40 


2334-00 


1833-00 


160800 






foot-tons 


foot-tona 


foot-tona 


foot-tona 








^^ • ^^ • MM 


- aignifiea po 
i aiffnifiea cei 


int of oontrfr 
itre between 


>fleznre. 
pointa of ooi 


ttra^fleznie. 





+ Tension. — Compresaion. 
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Table LXXIX. 

Side Spans. — Suumart or Stbbsbks in Lattice Bars in Tons. 



No. 

of 

tMur. 


Evwly dtotrflmted liye 
md dead load itrMset 
doe to nneqaal load- 
ing of spans. 


Stresses doe to the dead 
load and the distri- 
buted moving load. 


Stresses due to the dead 
load and the oonoen- 
trated load of the 
tracUon engine. 


ToUl iinal streases. 


27 


-42-94 


-25-63 










-42^ 


1 

-25-63 


28 


+ 46-52 


+ 29-91 










+ 46-52 


+ 29 91 


29 


-39*86 


-25-63 










- 39-36 


- 25-63 • 


SO 


+ 42-94 


+ 25-63 










+ 42-94 


+ 25-63 


31 


-35-78 


-21-36 










-3578 


- 21-36 


82 


+ 39-36 


+ 25-63 








+ 39-86 


+ 25-63 


33 


- 32-21 


-21-36 






' 


- 32-21 


-21-36 


34 


+ 35-78 i + 21-36 




1 


+ 3578 


+ 21-36 


85 -28*63 


-17-09 


- 2503 i 


- 23-50 




-28-63 


- 17-09 


36 


+ 32-31 


+ 21-36 




+ 28-61 




+ 26*25 


+ 32-21 


+ 21-86 


37 


- 2505 


- 1709 


-21-64 




- 20-76 




- 25-05 


-17-09 


38 


+ 28-63 


+ 17-09 




+ 25-03 


1 + 23-50 


+ 28-63 


+ 17-09 


89 


- 21-47 


- 12-82 


- 21-47 




- 2119 : 


- 21-47 


- 12-82 


40 


+ 25-05 


+ 17-09 




+ 2505 




+ 24-02 


+ 25-05 


+ 17-09 


41 


- 17-89 


- 12-82 


- 18-10 




- 18-35 




- 18-35 


-12-82 


42 


+ 21-47 


+ 12-82 




+ 21-47 




+ 21-19 


+ 21-47 


+ 12-82 


43 


- 14-31 


- 855 


- 14-73 




- 15-53 




-15-53 


- 8-55 


44 


+ 17-89 


+ 12-82 




+ 18-10 


+ 18-35 


+ 18-35 


+ 12-82 


45 


- 10-74 


- 8-55 


- 11-55 




- 12-69 




- 12-69 


- 8-55 


46 


+ 14-31 


+ 8-55 




+ 14-73 




+ 15-53 


+ 15-53 


+ 8-65 


47 


- 7-16 


- 3-58 


- 8-39 


+ 002 


- 9-85 


+ 1-52 


- 9-85 


+ 1-52 


48 


+ 10-74 


+ 7-16 




+ 11-55 


' + 12-69 


+ 12-69 


+ 7-16 


49 - 4-27 


- 


- 544 


+ 2-88 


- 702 1 + 4-27 


- 7-02 


+ 4-27 


50 + 7-16 


+ 3-58 


- 0-02 


+ 8-39 


- 1^2 , + 9-85 


+ 9-85 


- 1-52 


51' + 3-58 


- 214 


- 2-47 


+ 5-74 


- 4-19 


+ 7-02 


+ 7-02 


- 4-19 


52 + 4-27 


- 


- 2-88 


+ 5-44 


- 4-27 


-f 702 


+ 702 


- 4-27 


53 


+ 7-16 


- 




+ 8-77 , 


- 1-35 


+ 9-76 


+ 9-76 


- 1-35 


54 


- 3-58 


+ 2-14 


- 5-74 


+ 2-47 


- 702 


+ 4-19 


- 3-58 


+ 214 


55 +10-74 


+ 2-14 




+ 11-81 




+ 12-51 


+ 12-51 


+ 2-14 


56' - 716 


- 3-58 


- 8-77 




- 9-76 + 1-35 


- 976 


+ 1-35 


57 i +14-31 


+ 4-27 




+ 15-03 




+ 15-25 


+ 15-25 


+ 4*27 


58 -10-78 


- 214 


- 11-81 




- 12 51 




- 12*51 


- 214 


59 1 +17-89 


+ 6-41 




+ 18-24 




+ 18-00 


+ 18-24 


+ 6-41 


60 - 14-31 


- 4-27 


-15-03 




- 15-25 


- 15-25 


- 4-27 


61 +21-47 


+ 8-55 




+ 21-64 


+ 20-76 


+ 21*64 


+ 8-55 


62 1 - 17-89 


- 6-41 


-18-24 




-18-00 


- 18-24 


- 641 


63' +25-05 


+ 10-68 




+ 25-03 


+ 23-50 


+ 25-05 


+ 10-68 


64' -21-47 


- 8-55 


-21-64 


1 


- 20-76 


- 21-64 


- 8-55 



3i8 
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Table LXXX. 

Central Span.^^Tablb of SfiorioirB bbquibsd and peovtokd in Lattick Bibs. 



1 


- 


•s 


Final stresses. 


sS 




1 


+ 9-44;-.l-66 


2 


+ 4-60; -4-34 


3 


+ 1001 


4 


-.9-44; + 1*66 


5 


+ 14-87 


6 


- 1001 


7 


+ 15*69 


8 


- 14-87 


9 


+ 21-47 


10 


-15-69 


11 


+ 22-32 


12 


- 21-47 


13 


+ 28-63 


14 


-22-32 


15 


+ 29-32 


16 


- 28-63 


17 


+ 35-78 


18 


-28-63 


19 


+ 35-78 


20 


-35-78 


21 


+ 42-94 


22 


-3578 . 


23 


+ 42-94 


24 


- 42-94 


25 


+ 50-10 


26 


- 42-94 


27 


-42-94 



3 & 



II 



1^' 

"I 



2-43 

1-39 

5 
2-43 

5 

2-8 

5 
2-8 

5 
2-8 

5 

2-8 

5 

2-8 
5 

3-2 

5 
3-2 

5 
3-2 

5 
3-2 

O 

3-5 

5 

3-5 
3-5 



EffecUve areas 
Id baiv. 



Re- 
quired 
sq. In. 



3-90 

3-30 
2-00 
3-90 
2-98 
3-57 
314 
5-31 
4-30 
5-60 
4-46 

7-67 

573 
7-96 
5-86 

8-95 

716 
8-95 
7-16 

1118 
8-60 

11-18 
8-60 

12-27 

10-02 
12-27 
12-27 



Rivet areas. 



Pro- 
vided 
sq. in. 



Re- 
quired 
sq. in. 



600 

600 
500 
600 
5-00 
600 
5-00 
6*00 
500 
600 
500 



I 



2-36 

1-15 

2-5 

2-36 

372 

2-50 

3-92 

372 

5-37 

3-92 

5-58 



800 ! 5-37 



7-50 
8-00 
7-50 

11-40 

900 
11-40 

900 
11-40 
12-25 
11-40 
12-25 



7-16 
5-58 
7-33 

7-16 

8-95 
716 
8-95 
8-95 

10 74 
8-95 

10-74 



12-25 
1300 
13-00 



12-53 
10-74 
10-74 



Pro- 
vided 
sq. in. 



4-81 

4-81 
4-81 
4-81 
4-81 
4-81 
4-81 
7-21 
7-21 
7-21 
7-21 

7-21 

9-42 
7-21 
9-42 

9-42 

10-99 
9-42 
10-99 
10-99 
12-56 
10-99 
12-56 



130 I 1074 12-56 



13-13 
12-56 
12-56 



Dlmouion of secCiMi 
of bars. 



sameae 


'(1) 


»» 


(3) 


»i 


(1) 


Y» 


(3) 


*» 


(1) 


l> 


(3) 


»» 


0) 


<» 


(3) 



"1 



2 channel bars 5f 
X 2ft" X i" at 13 
lbs. per foot 
2 bars 6" X f " 
same as (12) 
„ (13) 
[2 channel bars 6} 
X2ft"x4i"at 19 
lbs. per foot 
2 baiB 7" X f " 
same as (16) 
(17) 
(16) 
2 bars 8" x T 
same as (16) 

,. (21) 

channel bars 

X 3J" X I" at 

Ibe. per foot 

same as (21) 

(24) 

(24) 






8"] 
22^ 



« 



2 channel bars 5}"{ 

X 21" X A" at l<^i 
lbs. per foot 
Ditto 
2 bars 6" X J" 



8 



12 



12 



16 



»» 



n 
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TABLE LXXXI. 

Sn>B Spans. — ^Tablk of Sbotions bequibed akd pbotidid ik Lattioi Babs. 



I 



S 



28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
68 
64 



Final stresses. 



+ 46-52 
-39-36 
+ 42-94 
-35-78 
+ 39-36 

- 32-21 
+ 35-78 

- 28 63 
+ 32-21 

- 2505 
+ 28-63 

- 21-47 
+ 2505 

- 18-36 
+ 21-47 

- 15-53 
+ 18-35 

- 12-69 
+ 15-53 

-9-85: +1-52 
+ 12-69 



Effective areas 
In tMrs. 



-7-02 
+ 9-85 
+ 702 
+ 702 
+ 9-76 
-3-58 



+ 4-27 
-1-52 
-4-19 
-4-27 
-1-35 
+ 2-14 



+ 12-51 

-9-76; +1-35 

+ 15-25 




50 
3-5 
5*0 
3-2 
5-0 
3*2 
50 
3-2 
50 
3-2 
50 
2-8 
50 
2-8 
5-0 
2-8 
6-0 
2-8 
50 

50 

2-0 

2-4 

2-0 

2-0 

2-38 

1-99 

5-0 

2-38 

5-0 



9-30 
11-25 
8-60 
11-18 
7-87 
10-07 
7-16 
8-95 
6-44 
7-83 
5-73 
7-67 
501 
6-56 
4-29 
5-55 
3-67 
4-53 
3-11 
4-10 
2-54 
3-50 
410 
3-50 
3-50 
410 
1-80 
2-50 
4-10 
3-05 



12-25 
1300 
12-25 
11-40 
12-25 
11-40 
900 
11-40 
9-00 
11-40 
7-50 
8-00 
7-50 
8-00 
500 
6-00 
5-00 
6-00 
500 
6-00 
5-00 
6-00 
600 
600 
6-00 
6-00 
6-00 
5-00 
600 
500 
600 
500 
6-00 
5-00 
6-00 
500 
6-00 



Rivet areas. 



Re- 
quired 
sq. in. 



11-63 
9-84 

10-74 
8-95 
9-84 
805 
8-95 
716 
8-05 
6-26 
7-16 
5-37 
6-26 
4-59 
5-37 
3-88 
4-59 
317 
3-88 
2-46 
317 
176 
2-46 
1-76 
1-76 
2-44 
0-89 
313 
2-44 
3-81 



Pro- 
vided 
sq. in. 



1313 
12-56 
12-56 
10-99 
12-56 
10-99 
10-99 
9-42 
10-99 
7-21 
9-42 
7-21 
9-42 
7-21 
7-21 
4-81 
7-21 
4-81 
4-81 
4-81 
4-81 
4-81 
4-81 
4-81 
4-81 
4-81 
4-81 
4-81 
4-81 
4-81 
4-81 
4-81 
4-81 
4-81 
4 81 
4-81 
4-81 



Dimensions of 
section of bars. 



same as (21) 

(21) 
(21) 
(16) 
(21) 
(16) 
(17) 

(16) 
(17) 
(16) 
(13) 
(12) 
(13) 
(12) 
(13) 

(1) 
(3) 

(1) 
(3) 

(1) 
(3) 
(1) 
(1) 
(1) 
(1) 
(1) 
(1) 
(3) 

(1) 
(3) 

(1) 
(3) 

(1) 
(3) 

(1) 
(3) 
(1) 



♦» 
i» 
♦» 
»♦ 
»' 
»i 
»» 
»» 
»» 
»» 
f> 
»» 
♦» 
>» 
»♦ 

»» 

« 
»» 
1» 
»» 
»» 
»» 
»t 
»» 
»» 
»» 
>* 
W 
»» 
»» 



o 



18 

16 

16 

14 

16 

14 

14 

12 

14 

12 

12 

12 

12 

12 

12 

8 

12 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 



> 

P 

Q 



I 
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Presiure oa Bzpantioii fiollert. — The maximum pressure at 
abutments occurs when the spans L and III. are completely 
loaded, and it equals 47 tons on each bearing. 

Three rollers are provided, each 2 feet long by 2 feet deep 
and 4j^ inches wide ; the pressure per lineal inch is therefore— 

*%^,^ = 13.... 

The maximum pressure on the piers occurs when the spauB 
I. and II. are completely loaded, and equals 155 tons on one 
bearing. 

Seven rollers are provided, each 2 feet long by 2 feet deep 
and 4 inches wide ; the pressure per lineal inch is therefore — 

^^^^^" ^19cwt 
168 "• ^^ ^^• 

With such a small resistance the girders wiU expand most 
freely. 

The main girders are fixed on pier I., and rest upon the 
expansion rollers at the other supports. 

For a variation of ± 60^ Fahr., the expansion may easily be 
shown to be 0*68 inch on No. 1 abutment, and 1*57 inch on 
No. 2 abutment. 

The saddle pin on the expansion rollers over the piers is 
2 feet 4 inches long, and 4i inches diameter; hence the 
pressure per lineal inch of pin is — 

165 

— = 5-57 tons 

The pressure per square inch is — 

5-57 

T^ = 1-21 ton . 

Pressure on Foundations. — ^Biver Piers. 

Load on one cylinder when the snperstructure in fully loaded 156 tons. 
53 feet 1| inch of wronght-iron cylinder with concrete at.37-75 

owt per foot rnn lOO 

Bracing taken at 2 cwt. per foot run 5 






Total weight on bottom of wrought-iron cylinder ... 261 
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The pressure on bottom of wrought-iron cylinder 6 feet in 



diameter = 



261 



= 9*23 tons per square foot. 



28-27 
Load on cast-iron cylinder — 

ConsiBting of the load on the bottom of wrought-iron cylinder 261 tons. 
16 feet of cast-iron cylinder with concrete at 41*7 cwt. per foot run 83 „ 

Total weight on the bottom of cast-iron cylinder ... 294 „ 

Pressure on the bottom of the cast-iron cylinder 6 feet in 



diameter = 



294 



= 10*4 tons per square foot. 



28-27 
Land Piers or Abutments. 

Load on one cylinder when the snperstractare is fully loaded... 
14 feet 1} inches of wrought-iron cylinder with concrete at 

21*6 cwt. per foot run 
Bracing at 2 cwt. per foot run 
52 feet of cast-iron cylinder with concrete at 24*8 cwt. per foot run 



47 tons. 

15 „ 

1 „ 

64 „ 

127 „ 



Total weight on bottom of cast-iron cylinder 

Pressure on the bottom of the cast-iron cylinder 4 feet 6 

127 



inches in diameter = 



15-9 



= about 8 tons. 



These pressures are not excessive, as the foundations are of 
sound rock. 

The following table gives the quantities of materials used in 
the bridge which it would be most convenient to include in the 
contract for supply and delivery : — 



TABLE LXXXII. 



Deflciiption. 



Oast iron in cylinders, handrail brackets, ladder bracing 
Gast iron in bed-plates, saddle-plates, rollers, caps, and blocks 
Wrought iron in cylinders and bracing, including rivets 
Wrought iron in main girders (including steel L covers), cross- 
girders, pockets, scuppers and wind bracing, and rivets 
Wrought iron in roUed girders and straps of approach spans . 
Wrought iron in handrail standards ana black bolts 
Wrought iron in turned bolts and set screws 
Steel in turned pins ... 

Pig lead for lewis bolts ... 

Sheet ditto 

Gas-pipe handrails 

Paint, us specified, two coats 

Lamp-posts, with lamps, complete 



Quantities. 



toDR. cwt. QTB. Ibe. 

92 15 16 

14 4 3 2 

59 17 2 

254 17 26 



18 


10 


2 


26 


6 


14 


2 


8 


1 


18 


2 


8 





11 


3 


8 





9 


1 


16 





3 





4 


4 


19 


8 


9 
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The following table gives the quantities of materials which 
should be included in the erection of the bridge. 



TABLE LXXXIIL 



Detcrlpdon. 



Fixing and sinking oasi-iion oylinden, complete 

Excavating in cylinders, other than rock 

Bxcavating in cylinders in rock 

Concreting cylinders 

Granite or bine stone in bedstones, set 

Fixing wrought iron in cylinders and bracing, complete 
Fixing cast iron hi bed-plates, saddle-plates, rollers, caps, and 

VluCJKB ■■• ••• •*• ••• •>« .«« ••• ••* 

Fixing wrought iron and steel in main girders (including oast 
iron in ladder bracing^, cross-girders, wind bracing, scupper 

and pockets, bolts, and set screws | 

Fixing wrought iron in rolled girders of approach spans 
Fixing handrail, including wrought-inm and cast-iron brackets 

' x*mg lOHU ••• ••• •■• ••* ■•■ ••• «•• •«• 

bawn timber in longitudinal girders, timber packing pieces,) | 

cross-girders, and planking / ' 

Hewn timber in kerbs and sills I 

X ar, one coat ••• ••• ••• •.• .•. ... 

„ uiree oosis ••• ••. •.. ••• ... ... •.. 

Paint, as specified, two coats 

„ n three coats, including stopping and filling ... 
Excavation for abutments other than rode, including unwatering 
Concrete for abutments 

"*"*^'^'™*" J ^^ •«« ••■ «*• ■•• ••• ••• 

Hand-packed rubble, as spedfled 

Carriage of ironwork to site of bridge 



QlMDtttiCIl 



tons. owt. qn. Ua. 
91 8 19 
H2i cub. yards 

11* ^ « 
855f „ „ 
2e5 „ feel, 
kma. cwt. qis. Iba. 

61 1 1 15 



U 4 3 



') 



25G 9 20 

18 10 2 26 
7 2 3 
12* cwts. 

4886 cub. feet 

520 



»t 



}> 



90* cub yards 
44* 
136i 

172* „ „ 
tons. cwU qn. lbs. 
449 8 2 21 



1* 



n 



CHAPTER XXII. 



SWING BRIDGES. 



Among the most important class of movable bridges are 
those known as swing bridges. These may be classified ac- 
cording to the method adopted for supporting their weight 
during the process of swinging, thus — 

(A) Bridges entirely supported on rim-bearing turn-tables 
consisting of a circular roller path, with a ring of conical rollers, 
upon which rests a circular girder carrying the main girders 
of the bridge. 

(B) Bridges supported on a centre-bearing turn-table, con- 
sisting of a central pivot, or a nest of one or more series of 
conical rollers, with or without a ring of live rollers, or two or 
more wheels for steadying the bridge during the process of 
opening. The weight may be proportioned in this class of 
bridge so as to partly rest on the central pivot and partly on 
the live rollers. 

(C) Bridges which are partially or completely lifted by means 
of a central hydraulic press, and turn on a water centre or on 
a spherical pivot. 

(D) Floating swing bridges, in which the load upon the ring 
of live rollers or central pivot is buoyed up by means of a 
hollow caisson which carries the bridge, so that only a portion 
of the load rests upon the pivot or rollers. 

Class A . — This class of bridge is constructed with two canti- 
levers of equal or unequal lengths ; in the former case one arm 
balances the other, in the latter the shorter arm must be loaded 
60 as to balance the longer. 

An example of this kind of bridge occurs at Goole over the 
river Ouse,^ in which the two arms are each 100 feet in length. 

' Vol iTiL Proe. Intt. C.E., paper by J. Price, M.In8t.C.E. 
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Other examples exist at the entrance from Alfred Dock to 
East Float, Birkenhead, the entrance to Alfred Dock,^ the river 
Hall south bridge,^ and in numerous highway bridges over 
navigable rivers. The bridges mentioned are moved by 
hydraulic power, but the special design of this class of bridge 
has very little to do with the motive power used for swinging it, 
whether hydraulic, steam, or hand power. It frequently happens 
that hand-power is the only means available for rotating the 
bridge. 

It is important in this class of bridge that the weight should 
be equally distributed over the live rollers, so that they may 
work with the minimum friction. The main girders generally 
rest upon the circular girder at four points, which arrangement 
does not distribute the weight with sufficient equality over the 
rollers. It is much better to divide the weight equally over six 
equidistant points. This matter will be further illustrated. 

Cla%% B. — This class includes a large number of important 
swing bridges. The central pivot may be arranged to carry the 
whole of the weight, but the more usual proportion is from two- 
thirds to three-quarters. 

The bridge over the Earitan^ erected by the Keystone Bridge 
Company, Philadelphia, from the designs of Mr. J. H. Linville, 
is 472 feet long, with two passages each 216 feet. 

The total dead load is 4500 lbs., and the live load 2500 
lbs. per foot run. The load upon the central pivot may be 
regulated to any desired extent by means of the suspension 
bolts. Before being swung, the bridge is lifted by four hydraulic 
rams to a height of 4 inches clear of the abutments, and while 
being closed it is lowered directly on to the abutments, so that 
wedges or other modes of setting up are unnecessary. 

The bearings are adjusted to such a height that each carries 
half the weight of the bridge ; the lower chords are parted in the 
centre, and a slotted link connection is used in the top chord, 
so that the bridge acts as two cantilevers while being swung, and 
as two independent girders when resting on the abutments. 
In this way the disadvantages of a long continuous girder are 
overcome, and the end does not rise when a heavy train 
approaches from the other end of the bridge, producing a hammer- 
like action of the main girder on the abutments. To overcome 

* Vol. Ivii. Proc. Intt. C.E,, paper by J. Price, MJnst.C.E. 
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this difficulty, latching apparatus is sometimes provided for 
fixing the ends when the bridge is closed. 

The Kansas city bridge consists of two openings each 160 
feet, and is set up on the abutments by means of sliding wedges. 
Both these bridges are moved by means of steam power. The 
Hawarden bridge over the river Dee, England, includes a swing 
span 284| feet long, forming openings 87 and 140 feet long 
respectively.^ The main girders are of steel 32 feet deep over 
Hihe centre of the swing pier, 9i feet deep at the ends. The 
girders are lattice, divided into panels 17 feet long, with single 
triangulated vertical and diagonal members, except over the 
pivot, where the members cross each other. The top booms are 
<5urved,and the bottom booms horizontal, of trough-shaped section. 
The cross-girders are spaced 17 feet centres, and are 29 inches 
deep over the angle irons. The weight per square foot of the 
deck is 88 lbs., including brackets and gangway plates, but 
exclusive of the permanent way. The main girders were built 
v^ithout camber, and provision was made in the lifting apparatus 
at the tail end for taking out the deflection which occurs when 
ihe longer end is unsupported, so that the stresses in the girder 
due to its own weight are removed as much as possible. 

The weight of the tail end is made 15 tons heavier than the 
longer end by loading it, and the load upon the central pivot 
is regulated by means of suspension bolts acting on the pivot 
cross-bearing girder which supports the bridge over the pivot 
pier, so that the whole or any portion of the total load of the 
swing span may be thrown upon the central pivot. The bridge 
has a slight bascule movement for the purpose of lifting the fore 
ends out of their bearing sockets, which is effected by lowering 
the tail ends by means of two rams, each 25 inches in diameter 
and 8£ inches stroke, capable of supporting and lifting 800 tons. 
Four rollers of cast steel 8 feet in diameter are provided, two 
under each end of the main bearing girder, and directly under 
the main girders on the pivot pier. The rollers revolve in 
wrought-iron carriages upon fixed radial axles. Two cast-steel 
rollers, also 8 feet in diameter, are arranged at the tail end, one 
under each main girder, which carry the preponderating load 
only, viz. 15 tons. 

A solid bearing pivot was adopted in preference to a 
hydraulic ram or water-bearing, as, the necessary vertical move- 

? VoJ, cviii. Troc, Inst C.E., paper by F. Fox, M.In8t.C.E. 
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ment of the bridge being provided for, a ram was not necessary. 
The cup-and-ball pivot is 80 inches in diameter, of forged 
wrought iron, case hardened, which provides for both rotating 
and bascnle movement. The lubricant used is heavy cylinder 
oil, which is injected into the bearing about once for every 
three swings. The weight resting on the pivot is 782 tons 
while the bridge is being turned, and the average pressure per 
square inch about 1 ton ; the maximum pressure at the centre 
is, however, much greater, as the radius of the cup is j of an 
inch larger than that of ihe ball. 

The bridge is moved by two single-acting hydraulic rams 
securely attached to the solid brickwork of the main pier. The 
slewing drum is 8*2 feet in diameter, and forms a part of the 
main bearing girder. The tail-end rollers are fitted with a 
winch gear and brake, in order that the bridge may be opened 
and closed by hand. The bascule movement of the bridge is 
utilized in mechanically locking it in position when closed, and 
for closing the space which would otherwise occur between the 
ends of the rails on the moving and fixed portions of the bridge. 
The important moving parts of the bridge are interlocked 
with the signals on the railway. The opening of the bridge 
requires the following operations: (1) Lifting the tail end of 
the bridge \ inch by the tail-end rams ; (2) withdrawing the 
sliding bearing blocks from under the tail ends ; (3) lowering 
the tail-end rollers; and (4) setting in motion the rotating 
rams. 

Cl(i%% C. — This class of bridge, which is made to turn entirely 
on a long central pivot of conical form, is used largely in Hoi* 
land. It is necessary for the roadway to be sufficiently high 
above the water-level to allow of the necessary length of the 
pivot, and also for the main girders to be arranged below 
the roadway, keeping the centre of gravity below the point 
of support. The foundations must be good, as any settle- 
ment might cause the bridge to jam so that it could not be 
turned. 

Class D. — This class of bridge is used largely in connection 
with the entrances to docks. The bridge is arranged so as to 
be out of balance, and is supported in the centre upon an 
hydraulic press and at the tail end upon wheels. When the 
centre is raised, the bridge tilts over until the wheels on the tail 
end come in contact with the tram plate. The tail end may tilt 
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upwards or downwards ; in the former case the tram plate is 
inverted. The central pivots are made spherical, but the bridge 
actually turns on a water-centre. Examples of this class of 
l)ridge exist at the Albert Dock, Hull ; the West India Docks, 
London ; the Leith bridge, England ; and the Marseilles bridge, 
France. 

Another example of this class of bridge is the swing bridge 
of Le PoUet (Dieppe).^ This bridge was necessitated by the 
New Dock Works, Dieppe, and crosses a waterway 181 feet 
wide. The longer arm of the bridge, when swinging, is 154 
feet, and the shorter arm 77 feet. The main girders are 80 feet 
deep over the pivot, with horizontal bottom booms and curved 
top booms of trough-shaped section. The panel length is 16 feet, 
with vertical posts and diagonals, in both directions. The total 
weight of the bridge swinging is 800 tons, and the ballast weighs 
284^ tons, or 20 tons more than is necessary to counterbalance 
the bridge. The deflection of the long end in swinging is 
4^ inches. The bridge, when in use, rests on three sets of 
bearings, viz. at the tail end and on the passage walls, being 
clear of the pivot. When turning it is carried on a hydraulic 
plunger, and the excess weight at the tail end rests by two pairs 
of rollers on the rail track. The opening of the bridge requires 
the following operations: (1) The cylinder under the pivot is 
opened to the pressure water, and the plunger-head brought 
in contact with the bridge. The bridge does not yet lift, as the 
area of the plunger is only proportioned to 624 tons. (2) Pres- 
sure is opened in two hydraulic cylinders placed one under each 
main girder near the tail end of the bridge. The bridge is now 
lifted from its bearings, and is water-borne on three cylinders. 
(8) The supports under the tail end are withdrawn by means of 
a small hydraulic cylinder operating through a crank and 
connecting rod. (4) Pressure is withdrawn from the two lifting 
cylinders at the tail end. The bridge now falls again, and, 
owing to the overbalance, tilts backwards until the rollers at 
the tail-end rest on the rail, the central plunger sinking to the 
bottom of its cylinder, where it rests upon a steel ring let into 
the bottom of the casting. (6) The bridge is now swung by the 
usual hydraulic arrangements. The weight is thus divided in 
turning between the water pressure, which carries 624 tons, the 

* Annales des PonU ei Chauss^es, December, 1891, p. 584; abstract, vol. cix., 
p. 416, Proe, Ind. O.E, 
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steel ring in the cylinder carrying 166 tons, and the rail track 
at the tail carrying 20 tons. In closing the bridge these 
operations are reversed. The opening or closing takes usually 
from two to three minutes, although it can be done in one 
minute and a half. 

The large swing bridge over the Tyne, at Newcastle, cannot 
be included strictly in any of the foregoing classes. This bridge 
is supported and turned on a water-centre at a constant level, 
acting as a relieving, not a lifting, pivot. It is in every respect 
a most satisfactoiy structure. 

In designing a swing bridge, whether for road or railway 
traffic, it is necessary to reduce the dead weight of the moving 
portion of the bridge, in order to reduce the frictional resistances 
to turning, which are proportional to this weight. 

Steel is obviously the best material to use for the moving 
portion of a swing bridge, and the tensile working stresses in 
the various members of the structure when closed should be 
determined in the manner explained in Chapter I. for ordinary 
bridges. The compressive working stresses may be determined 
by the formulcB given in Chapter XII. When the bridge is being 
swung, the stresses in the various members of the structure are 
due to the dead load only ; but, since in starting and stopping 
there is a certain amount of impact, it is desirable to adopt the 
rule given by Mr. T. Cooper in his specifications, viz. — 

"For swing bridges and other movable structures, the 
dead-load unit stresses during motion must not exceed three- 
fourths of the unit stresses for dead load on stationary 
structures." 

In the Hawarden bridge the working stress in tension was 
6^ tons, and in compression 5 tons. 

As to whether the main girders should be made continuous 
or discontinuous over the swing pier will depend upon the width 
of the openings provided, and the live load upon the bridge, as 
well as the method proposed for fixing the ends. In an ordinary 
highway bridge with two openings, each 60 feet, there is no 
reason why the girders should not be made continuous, and in 
railway bridges of greater length the girders may be made 
continuous, provided that the ends are securely fixed in position 
when the bridge is closed. If the ends of a long railway swing 
bridge merely rests upon the supports at the ends, the tendency 
of a heavy engine entering the bridge at one end is to raise the 
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other end, and it is necessary to make proper provision at the 
ends to resist this tendency, or the girders should be made 
discontinuous when closed by hinging them over the swing pier, 
and connecting the girders to a vertical post over the hinge by 
means of tension bars, which are brought into acition when the 
bridge is moving, or the same method may be adopted as that 
described for the Baritan bridge. 

It is very important that provision should be made in all 
swing bridges, which are not lifted mechanically before turning, 
for taking out the droop of the girders when turning, such as a 
toggle joint hydraulic lifting arrangement, as in the Ouse bridge, 
or a cam worked by hand-gear in ordinary hand-power bridges, 
or the methods adopted in the Hawarden and the Le Follet 
bridges may be used. 

If the end drop or deflection is not taken out by some means, 
the stresses due to the deflection must be added to those pro- 
duced by the live load, which is unsatisfactory in every way. 

The frictional resistances during turning in bridges where 
the whole of the load is carried on a ring of live rollers, will 
depend to a large extent upon the equal distribution of the load 
over these rollers, and distributing girders should be arranged 
between the underside of the main girders and the circular 
girder immediately above the live rollers, in order to distribute 
the load equally over six equidistant points of the circular 
girder. 

On Plate IV. are shown details of a design for a swing bridge, 
with a roadway 18 feet wide and two openings each of 60 feet in 
the clear. The main girders are of the lattice type 21 feet 
4 inches between centres, and 152 feet over all, the depth at 
centre being 7 feet, and at the ends 5 feet effective. The boom 
sections are formed of steel T bars and flange plates 2 feet wide 
of wrought iron, and the web consists of wrought-iron lattice 
bars and U irons braced to form struts, the central 14 feet 
6 inches being plated and stiffened over points of support and at 
the centre. At each lower apex is a wrought-iron cross-girder, 
resting on a saddle secured to main girder, and carrying seven 
longitudinal timber stringers, to which is spiked the 4-inch 
diagonal planking forming the roadway. 

At the centre the main girders are secured each to two 
wrought-iron stools 12 feet 4 inches apart, while the ends, when 
the bridge is closed, are raised and supported on cast-iron cams. 
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The conditions for calculation are therefore those of a continuoas 
girder, with two side spans of 70 feet and a central span of 
12 feet 4 inches, the side spans acting as cantilevers when the 
bridge is swinging. The girders are designed for a distributed 
live load of 84 lbs. per square foot, and a concentrated rolling 
load of 16 tons on a 10-feet wheel base. To minimize the 
deflection at ends when the bridge is open, an excess of area is 
provided throughout. 

In accordance with the most recent practice, particular atten- 
tion has been given to the method of distributing the weight 
of the superstructure evenly on to the rollers. These are of cast 
iron, thirty-two in number, 18 inches diameter, and 6 inches 
face, revolving round a central pivot, and carrying a wrought- 
iron annular girder 21 feet 4 inches diameter, to which the 
weight of the superstructure is delivered at six equidistant 
points. As shown on diagrams. Plates IV., IVa, IV6, and IVc, 
each main girder rests on two stools, secured each to a longi- 
tudinal distributing girder, one end of which is carried by 
a stool on the annular girder, and the other by the transverse 
distributing girder. The position of the stools under the main 
girders is such that one-third of the load is delivered direct 
from each to the annular girder, and two-thirds to the trans- 
verse distributing girders, and by them to the annular girder. 
By this means, if W be the weight on each stool, two-thirds of 
W is taken at each of the six points. When the bridge is 
swinging, the total load on rollers due to superstructure, in- 
cluding the weight of distributing arrangement, etc., is 173 
tons ; so that the pressure on rollers is 18 cwt. per lineal inch 
of face. Secured to the upper annual girder and to a casting 
which revolves round the pivot are six radial distance girders of 
light section. The rollers are conical, with axes terminating at 
the centre of the pivot at a point in the same horizontal plane 
as the upper surface of rollers. The roller tracks are of cast 
iron in twelve segments, and special arrangements have been' 
made for obtaining a perfectly level surface, when erecting the 
lower track, by means of steel adjusting wedges and iron cement. 
For horizontal adjustment a fine circular grove is cut in the 
track, and a single roller rotated until its inner edge coincides 
with the grove throughout. To allow of the rollers being run 
in or out, each roller rod is fitted with an adjustable gun-metal 
bush on which the roller revolves. The joints in tracks are 
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made diagonal in order to distribute the pressure over two 
segments. 

The machinery for operating the swing span is carried on 
a platform on the outside of the downstream main girder, and 
is worked from the deck of the bridge, both lifting and turning 
gear being driven from the same handle. The machinery for 
lifting the ends has been designed for a deflection of 2 inches, 
and consists of bevel wheels and pinions operating a shaft which 
runs the whole length of the bridge, carried by brackets on the 
main girder. At each end of this shaft is a steel worm gearing 
into a phosphor-bronze wheel attached to a transverse shaft, 
with two cams of a 1-inch throw at each end working in cast- 
iron cam rollers, on which the bridge rests. These in turn are 
supported on cast-iron chairs over piers, provided with cast-iron 
bearing blocks fitted with wedges to allow of adjustment when 
erecting. To prevent over- winding, the second motion shaft is 
screwed for a portion of its length, and provided with two gun- 
metal stops and a gun-metal nut, with arms working in cast-iron 
guides bolted to the outer web of the main girder. 

By means of a clutch on the first motion shaft worked by a 
hand-wheel on the inside of main girder, the machinery for 
either lifting or turning the bridge may be thrown into gear as 
desired. The latter consists of gearing which operates a pinion 
E on a vertical shaft working into a rack secured to the lower 
annular girder. The rack is of cast iron in five segments, and 
allows for a movement through 150°. 

It is calculated that two men will be able to swing the bridge 
in four minutes, the operation of lifting occupying the same 
time. A tell-tale near the operating handle indicates the position 
of the bridge during opening and closing. 

The swing pier consists of six cylinders, 8 feet 6 inches 
diameter, spaced equidistantly round a circle of 21 feet 1^ inch 
diameter, and securely braced to each other and to a central 
cylinder carrying the pivot. 

The piers at ends of span are formed each of two cylinders 6 
feet in diameter, with diaphragm bracing. All the cylinders are 
of cast iron to high-water mark, above which they are of wrought 
if on, and they are filled with concrete. The bridge illustrated is 
suitable for light traffic which does not include vessels of large 
size, but the piers would require to be protected by means of 
dolphins and guide i)iles, or a wrought-iron caisson filled with 
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concrete might be substituted for the six cylinders with advan- 
tage. The foundations are good in the case illustrated, but, if 
there was any likelihood of settlement, a much more substantial 
central pier would have been necessary. The dimensions of the 
girders may be verified by the student, the calculations being 
similar to those already illustrated. 
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PLATE IVc 



CHAPTER XXIII. 



ARCHED AND SUSPENSION BRIDGES, 



The arch is more economical than the most economical truss or 
girder, considered merely with regard to the ratio of its carrying 
capacity to its own weight. This is seen when the weight of a 
bowstring girder is compared with an arched rib. In the bow- 
string girder^ the curved member must be designed to resist the 
direct stresses developed in it^ and the horizontal member the 
constant tensile stress. We have seen that for uniform loading, 
or for equal loads concentrated at each panel-point, there is no 
stress in the web bracing, but for partial loading produced by a 
passing train the web bracing will be stressed. The piers 
supporting the truss must be designed to carry the weight of the 
structure and the maximum load carried by it. If the ends of 
the curved member are made to abut against the piers or abut- 
ments the horizontal tie may be dispensed with, but the abut- 
ments or piers (if there is more than one span) must be made 
larger, in order that they may be capable of resisting the thrust 
produced by the end reactions of the curved rib. 

If the extra cost of the abutments is less than the cost of the 
tie, then the arch is a cheaper structure than the truss. 

In long spans the saving effected by dispensing with the tie 
and the bracing bars of the web is considerable, which is due not 
merely to their extra cost above the extra cost of the abutments 
and the lighter bracing of the arch, but to the fact that in the 
arched rib the load sustained is less by the extra weight of 
material necessary in the bowstring truss. 

The suspension bridge is the inverted form of the arched 
bridge, in which the tension in the suspended rib or cables 
corresponds with the compression in the arched rib. In either 
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case, if the rib is loaded in any way whatever, the correct fonn, 
in order that it may sustain the load without bending, is the 
equilibrium polygon for the load in question. 

Let Wi, Wa, W^ ... We (Fig. 852) denote a series of loads 
acting on a straight beam amhy and let abc . . . h denote the 
equilibrium polygon for these loads obtained by drawing lines 
parallel to the strings in the force polygon, Fig. 853. Draw 
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the line H perpendicular to the load line, Fig. 853, represent- 
ing to the scale of the force polygon the horizontal component 
•of the stress in ah. 

Then, by Gulman's principle, the bending moment at aoj 
point in the beam, such as m, is equal to — 

dm X H 

If we denote the bending moment at any point by SWa;, and 
-the corresponding ordinate of the equilibrium polygon by V, 
tthen — 

SWoj = HV, and V = ^ 

Jul 

From this equation we observe that the height of the equi- 
librium polygon is inversely proportional to H. 

It may be shown that the form of the equilibrium polygon 
for loads distributed equally along the horizontal is a parabola, 
for loads equally distributed along the length of the rib it is a 
catenary, and for uniform pressure acting normally at any point 
in a curve it is a circle. 

If the form of the arched rib corresponds with the polygon 
abc . • . %, there will be no bending stress upon it ; but if tbe 
system of loading produces an equilibrium polygon afe'c'dVA, the 
.arched rib will be subjected to bending stress. 



^ 



Arched and Stcspension Bridges. 335 



Let Y' denote the ordinate of the polygon, and Y that of the 
rib, and M the bending moment at the point m ; then — 

M = SWic - HV 
but since SWoj = HV 

M = - H(V' - V) 

The bending moment at any point of an arched rib for any 
system of loading is proportional to the difference between the 
ordinates of the rib and of the equilibrium polygon for that 
system of loading. 

This is perfectly general, and applies to arches with fixed and 
free ends. 

The loads upon an arched rib produce at any section — 

(1) A normal thrust which is uniformly distributed over the 
area of the rib at the section, its horizontal component being H. 

(2) A shearing stress at the section. 

(3) A bending moment H(V' — V) producing tension and 
•compression on opposite sides of the neutral axis of the section. 

The direct compression, combined with bending, produces a 
distribution of stress over the section similar to that which has 
been shown to exist in short columns. The methods adopted in 
the foregoing investigations of the two-hinged arched rib, also 
the arched rib without hinges, is partly taken from Professor 
.Burr and Professor Eddy.^ 

Let S = the shearing stress at any section. 
W = any load upon the rib. 
M = the bending moment at any section. 
Y = the vertical deflection of the rib at any section. 
Va = the horizontal deflection. 
a = the strain, extension, or compression in any fibre 
situated at a perpendicular distance unity above 
or below the neutral axis and parallel to it. 
n = the length of the parts into which the arched rib is 
divided; the smaller the value of n the more 
accurate the results. 
Then the following approximate equations may be used : — 

S = :i;w (1) 

M = :i:Waj (2) 

* *«Str6Me8 in Bridge and Roof Trussea," by W. U. Burr; ^'Besearcheg in 
Graphical SUtics," by H. T. Eddy. 



336 



Engineering Construction. 

_ M 
°~E1 



(•») 



V = S«.«: = S'^. 



M 

El' 
nM 







V. = S»„,, = Sgjj, 






(C) 


From (2) and (5) we have- 












M:V::SWi:Sgj* 












. -^W:.f 








Hence 


in any 


equilibrium polygon in 


wMcli 


EI 


is used 



instead of W, the ordinates will represent the deflections. 

In an arched rib with fixed or free ends, the depth should 
be made sufficient to enable it to retain its form under the 
partial distribution of the maximum live load. This is most 
conveniently done by dividing the material of the rib into two 
portions, placed one below the other, forming two arches united 
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together with suitable bracing. The finest example of the rigid 
arch occurs in the bridge over the Mississippi at St. Loais 
(see Fig. 354), which consists of three spans, 502, 520, and 502 
feet. Each span consists of four ribs, and each rib is con- 
structed with two steel tubes spaced vertically 12 feet apart 
centre to centre and united with bracing. The dead load per 
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lineal foot is 1 ton on each rib, and the live load produced with 
a crowd of people on a roadway and footpaths 52 feet wide, and 
two lines of rails underneath loaded with engines, is 0*8 ton 
per foot run on each rib. 

The total weight of iron and steel in one rib of the central 
span is 218 tons. The total weight of iron and steel in the four 
ribs, including vertical struts to roadway, and railways, wind 
bracing, etc., is about 1600 tons. The total cost of the entire 
bridge was £1,861,878. 

Four bowstring trusses of the same central span as the 
St. Louis bridge would weigh at least 500 tons more. The 
temperature stresses were calculated for an extreme variation 
of ± 80° Pahr. The maximum working stress allowed was 
18*4 tons in compression, and 8*9 tons in tension. 

As an example of an arched bridge hinged at the springing, 
we may select the Harlem River bridge (Pig. 855), which 
consists of two steel arches, each 510 feet span, with masonry 
piers and abutments. Each span is constructed with six steel 




Hart^m Bridge. 

Fio. 366. 



ribs spaced 14 feet centres under the roadway, which is 80 feet 
wide, with two footpaths. The effective depth of the arched 
ribs is 12 feet. The bridge was designed for the following loads. 
Floor of Bridge. — A dead load 225 lbs. per square foot. 

A live load 100 „ „ „ 

Or a 20-ton steam roller. 
Arehed Bibs. — A dead load of each rib 1*1 ton per foot run. 

A dead load of floors and paving 1*85 ton per 

foot run. 
A live load of 0*6 ton per foot run. 

z 
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A wind pressure of 5*4 tons per foot distributed 

in proportion to the exposed surfaces. 

The modulus of elasticity of the iron was assumed to be 

26,000,000 lbs. per square inch. Working stress in ribs, tension 

or compression, on gross area, 6*7 tons per square inch ; 




K»t»-*c«^T*'»r ••«• 



on net sections, 8 tons per square inch. Extreme variation of 
temperature, ± 75® Pahr. 
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Arched Bib hinged at the Springing. — The equilibrium polygon 
for any loads acting on an arched rib hinged at the springing 
and continuous at the centre may be determined in the following 
manner. 

Let kd^^ d2, . . . By Fig. 856, denote the neutral axis of the 
rib, which is 147 feet span, with a central rise of 20*5 feet. 

Let the centre line of the rib be divided into a number of 
equal parts, the length of which may be denoted by n, repre- 
senting the points of application of the loads upon the rib ; the 
smaller the distance between these divisions the more nearly 
will they represent a uniform load, and if the points of applica- 
tion are taken sufficiently near to each other, the distance 71 
may be considered to have the same value whether measured 
horizontally or along the curve of the rib. We may consider 
the rib as one of a pair, spaced 16 feet apart centre to centre, 
in a bridge carrying a roadway 18 feet wide between the kerbs. 
The deck may be supposed to be secured to two longitudinal 
girders supported at the panel-points of the rib by means of 
vertical columns. Let the dead load concentrated at the panel- 
points of the ribs, 7*85 feet apart, be 6 tons, and the live load 
equivalent to 80 lbs. per square foot of roadway be 2*6 tons. 
Only one case of loading will be considered, viz. that in which 
each panel-point on the left half of the rib is loaded with the 
live and dead load, or 8'6 tons, and each panel-point on the 
right half with 6 tons ; the centre panel-point is loaded with 

— Z = 7»3 tons. As a matter of fact, the dead load is not 

2 

uniformly distributed horizontally, being greater towards the 
abutments. Draw the equilibrium polygon for this distribution 
of loads, 6010203 . . • H, Fig. 857, with an assumed polar 
distance EF, Fig. 858, setting off the loads on the vertical line 
XLT, Fig. 858, and draw the closing line of the polygon GH, 
Fig. 857. Now, since the extremities of the neutral axis of the 
rib A and B remain unchanged in position at the springing, 
whatever loads, producing deflections, act upon the rib between 
these points, it follows that the sum of all these deflections, 
both horizontally and vertically, between these points A and B 
must equal zero ; hence — 

^B EI B EI 
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:. t^ Ux= t^My=^0 



In consequence of the hinges, the ends of the rib may rise 
or fall vertically without aflfecting the conditions of bending, so 
that it is only necessary to consider the sum of the horizontal 
deflections — 

t^Uy = 

But since the neutral axis of the rib Kd^d^ . . . B may be 
considered as an equilibrium polygon for its proper load, denote 
its ordinates by M^, and the ordinates of the equilibrium 
polygon (jayOr/h ... H by Ma. Then we have seen that— 

M = - H(V* - V) 

B S x> 

To draw the horizontal deflection polygon for the arched 
rib subjected to the bending moments denoted by Ma, we may 
treat it as a vertical beam fixed at G and loaded at points at 
a distance from G equal to the vertical heights of the points 
rfida . . . above AB, using, however, the ordinates M^ in the 
same manner as loads in an ordinary equilibrium polygon. 

Assume G as the pole, and set off the ordinates M^ along a 
line D^, parallel to AB, to a convenient scale, thus — make 

D/i = a A + ai9fei9,/i/2 = ^^^A±3A8, and so on. 

4 

Draw the lines from/1/2/3 . . . /g to G, also the lines from 

did^, etc., parallel to AB cutting GD. The intersection of the 

line from didi^ with GD will be taken as one point in the 

deflection polygon, since the moments at A and B are zero. 

Draw hrii parallel to G/ intersecting d^is in ni, and n^n^ parallel 

to G/2 intersecting d^i^ in 712, and so on, thus obtaining the 

deflection polygon hnin^ . . . ng. In a similar manner we 

obtain the deflection polygon luriifrii . . . 7)^, using the ordinates 

Md instead of M^ and setting them off on the left of GD. The 

ordinates have been taken in pairs in each case, since each 

member of the pair acts at the same distance y from G. Since 
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Dris represents the maximum deflection for bending moments 

Ma, and I>?n9 for M^, it follows that, since ^ May = 2 Md2/, 

D7i9 should equal Dt/Iq; but Dm, is less than D/Zg, hence the 
ordinates Ma are too large or the polar distance EF is too 
small, since by Gulman's principle the ordinates multiplied by 
the polar distance equals the bending moment. The moments 
represented by the polygon Ma must therefore be decreased by 

multiplying them by the ratio — ^. Set oflf a line KM = Dtti^, 

Fig. 859, and draw MN at right angles to KM. With K as 
centre and DTtg as radius, cut MN in N. Then the polar 
distance must be increased in the ratio KN to KM. Make KB 
equal to the assumed polar distance, and draw BS parallel to 
MN; then KS is the true polar distance for the equilibrium 
polygon Ma- To find the true pole, draw EL parallel to GH, 
then draw LP parallel to EF and equal to KS. The vertical 
reactions are LX and LY at B and A, or 68*5 and 75*2 tons 
respectively. We may find these reactions independently by 
calculation. The horizontal thrust found by measuring LP is 
182*5 tons. The horizontal thrust may be calculated by the 
following formula, which is due to Professor Winkler. 
Let H = the horizontal thrust. 

S = the span, in this case 147 feet. 
W = a load concentrated at any point of the rib. 

X = horizontal distance of the load W from the crown of 
the rib. 

r = the rise of the rib = 20 feet. 

Then— 

jj^ 5 W(5g'- 4g^(a"-4a?^ 

128r«^ 

The only variable quantities are W and Xy therefore substitute 
for W the loads concentrated at the panel-points of the rib, and 

put X = 0, — , — , — , etc. ; thus let ^ = ^. and W = 8*6 ; 

128 X 20 
Bepeating this calculation for each of the loads and adding 



342 



Engineering Construction. 



f-S*-*- 



^ 



C^/0. 



•.fe 



« 5 



C-09 



the results together, we obtain for the horizontal thrust 134 
tons, which cheeks very well with the value 182*5 tons found 
by graphical construction. 

Having obtained the horizontal thrust, 
we may find the stresses in the arched 
rib by the method of moments, or we 
may join the pole P with the points of 
the force polygon XLY, and construct 
the equilibrium polygon Ad/rf/B- The 
intercepts between the polygon last 
drawn and the rib multiplied by the polar 
^ distance or horizontal thrust LP equals 
the bending moments at the points di, 
^2, da, etc. The line kdxdj& denotes 
the neutral axis of the arched rib, and 
may be considered as the line passing 
through the centres of gravity of the 
cross-section of the rib. 

The depth of the rib should be made 
i from ^ to -^ of the span in order to 
I give sufficient stifihess under partial 
loading; in the examples selected the 
depth is made 8 feet 6 inches between 
the centres of gravity of the top and 
bottom flanges. The system of bracing 
adopted between the flanges is suffi- 
ciently illustrated in Fig. 860. 

The stresses in the various members 
\ of the arch are shown by means of the 
stress diagram, Fig. 861, which needs 
no explanation. As a check on the 
accuracy of the work, a few of the 
members should be checked by moments ; 
thus Car, by measurement from the stress 
diagrams, is found to be 86*5 tons ; by 
moments it is 87 tons. Bar 21-22 is 
subjected to a compressive stress of 12*5 
tons, d^ to a compressive stress of 98*5 tons, Z^ to a compres- 
sive stress of 127 tons. 

The foregoing method illustrates how the stresses in an 
arched rib hinged at the springmg may be determined. Id 
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any actual case it is necessary to determine the horizontal 
thrust and the various stresses produced by it for the various 
positions of the live load. The stresses should then be 
tabulated, and the rib designed for the maidmum stress in the 
yarious bars. 

In consequence of the continuity of the rib at the crown, it 
will be subject to stresses, in addition to the foregoing, from 
changes in temperature. Since the ends of the rib are hinged, 
any variation in temperature will cause the length to vary, and 
the crown to rise or fall. The effect of a rise in temperature 




Fig. 361. 



above the mean temperature for which there is no stress, is to 
cause a horizontal thrust at the ends. The deflection in the 
centre of the rib caused by a variation of temperature of ± 60 
Fahr. will be 1 inch approximately, or -^-^ of a foot. The following 
approximate formulas may be used to calculate the deflection of 
a parabolic arched rib due to its expansion or contraction from 
variations of temperature. 

Let % = the length of half the arched rib. 

r = the rise, or central deflection. 

y = the half-span. 
Then— 
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To find the deflection from the length of the cnrye and the 
span, let / = the deflection, and Si = the altered length ; then— 



The horizontal thrust due to this deflection may be con- 
sidered as acting along the line AB. 

Comparing the following equations : — 

2W« = Hy 
S/tMa = SM'« = EIV 

where H = the horizontal thrust required. 

M' = wM, and M' = 7iH^, also H = 



^nyx 



From these equations it is clear that if M' be taken as yertical 
loading, and EI as the polar distance, the ordinates of the 
corresponding equilibrium polygon will represent the deflections 
to the same scale as x ; also that M' and EI are of the same 
denomination, and hence must be measured to the same scale. 
It is necessary now to consider the value EI, to do which we 
must assume a cross-section which can be easily designed 
approximately by means of the stresses obtained disregarding 

^,.,^ temperature. The section should 

f^r*'*^'*' ^® dimensioned in feet for finding 

'' the moment of inertia, and E may 

be taken as 26,000,000 lbs. per 

square inch, or 1,670,400 tons per 

square foot. It will then be found 

that the product EI is about 

1,600,000 foot-tons with the as- 

«ili^ i^^if'**'* sumed section of rib shown in 

Fie. 362. Y\g. 362. 

In Fig. 364 draw LP parallel to AB, Fig. 868, and equal to 
EI, or 1,600,000 foot-tons to scale. If LP is made 16 inches, 
then 1 inch will represent 100,000 foot-tons. 

Set off the ordinates a^i, aj)2, aj)^, etc., . . . DC on the 
load line LM, making each one-half of its length in the polygon 
Aoia^ ... B, in order to avoid an unnecessarily large figure. 
Draw the polygon FciCj . . • E, with P as the pole representing 
the actual deflections of the rib to an exaggerated scale ; thus 



«9 
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LF represents the deflectioD of the point A, vbich we hare 
assumed to be 1 incli, which will measate 3'1 inches if the 








lib is drawn to a scale of 8 feet to an inch, corresponding with 
8 X S'l = 24-8 feet; the bending moments must he reduced in 
the ratio of 24-8 to iV. or — - . 
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2-56 



X 100000 



The bending moment at the point A is 



Ml 



297-6 
1-28 X 100000 



and the horizontal thrust is H = — = - ._ ^ ry oc w oa.i: 

ixy 297*6 x 7'35 X 20-5 

= 2*8 tons. 

EIV 
Since H = ~ , we might calculate the horizontal thrust by 

this equation, but it would be necessary to measure the quantities 
yx^ and take their sum. 

Professor Winkler's formula is as follows : — 



H = 



15EIagt 
Sai^ + 151 



where a = the area of the rib = 48 square inches. 
e = the coefficient of expansion = 0*0000068. 
t = the temperature = 50°. 
. g _ 15 X 1600000 X ^^4: X 0*0000068 X 50 _ ^,^ ^^^„ 

8 X i\«4 x20-5* + 15 xO-9 

This agrees very well with result found by means of the 
equilibrium polygon. 

In the Harlem bridge the range of temperature allowed was 
75"^ Fahr. above and below the mean, and the increase in the 
stresses amounted to 1 ton per square inch. 

Arched Bib with Fixed Ends. — The equilibrium polygon for 





Fro. 396. 



an arched rib with fixed ends is not a closed one, and it corre- 
sponds with that obtained from a system of forces whose result- 
ant is a couple. 

Let Wi, Wa, . . . Wg, Fig. 365, denote a series of vertical 
forces acting at points of a horizontal line AB. 

Let Wi + W2 + Wa + W, + W« = W4 + W5 + W . 
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Set off the forces on a double line, Fig. 366 ; draw a hori- 
zontal line through O, and on it take any point P as a pole, 
so that the line PO represents the polar distance. Join P with 
the angular points of the force polygon, and draw the polygon 
Abcdefgh, Fig. 865, the sides of which are parallel to the lines 
converging at P. This polygon will not close, showing that the 
resultant is a couple whose moment is the polar distance PO 
multiplied by the lower arm cc, or Re, Fig. 865. 

In the rib with fixed ends, as with free ends, we have — 

M = - H(V^ - V), 

for to fix the rib at the ends we have only to apply the proper 
couple, whose moment is m, remembering that the vertical 
dimensions of the equilibrium polygon will be increased over the 
free-ended rib by a constant quantity, which is H. 

Take moments about any point of the neutral axis of rib, and 
there results — 

M = SWa? + m-'EfY+^^ = SW« - HV 
and since SWa = HV, M = - H(V^ - V) 

Let ADB, Fig. 867, denote the neutral axis of an arched rib 
fixed at ends of the same span, as the one last considered, and 
subjected to the same loading. The rib is supposed to be 
divided into twenty equal parts, each equal to 7*85 feet, which 
are the panel lengths. As before, we assume that n is equal to 
the horizontal distance between the panels approximately. 

Since the ends of the rib are fixed, the sum of the strains at 
any given distance from the neutral axis of the rib considered 
as a girder, and extending between the points A and B, must 
equal zero. 

2 wa = 2 — =-^S M=0 
B -^B EI EI^B 

.-. S^ M = 

but M = H(V' - V), where V denotes the ordinates of the 
polygon, and V those of the rib. 

The above equation therefore shows that the sum of the 
intercepts (V — V) on one side of the rib is equal to the sum on 
the other. 
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The Btun of the horizontal and vertical deflections most eqnal 
zero, as in the free-ended rib, so that the three conditions maj 
be expressed thas — 

S*M =0 

B 

B 

S Mf/ = 



J 



at 




ChooBe E as the assumed pole, and set off the loads on tbe 
line XXiY, as in the free-ended rib, and draw the polygon 
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Gfiifl2 . . . H. The line GH is not the closing line, which 
must be located so that the equations SM = and SMiB = will 
be satisfied. Let EM be located by trial, then the algebraic 
sum of its ordinates must equal zero, and the algebraic sum of 
the products of each ordinate into its abscissa must equal zero. 
This line can generally be found by one or two trials. In the 
figure ordinates are drawn through &i and h^ at distances of 
one-fourth the panel length from A and B, also E and M 
respectively, representing loads concentrated at the middle of 
each half-panel at the ends ; these ordinates may be added to 
the others in the summation, if we divide them first by two ; 
thus we have — 

The closing line BS of the rib, considered as an equilibrium 
polygon, can be easily located, because it is parallel to AB, and 

A A 

if the first condition, viz. S^M^ = 0, the second condition, S M>, 

must equal zero, since the curve is symmetrical with reference 
toD. 

The third condition requires that 2 Ma^ = % Mdt/ = 0. 

B B 

Treating Ma and M^ as loads as in the rib with free ends applied 
at distances y from the assumed origin, the ordinates of the 
equilibrium polygons will represent the horizontal deflections of 
the rib. 

Set off, therefore, D/i,/i/2, . . . f^f^ on the left of DC equal to 
the ordinates of the polygon (aa^a^ . . . OaH taken in pairs, 
and join the points /1/2, etc., with the assumed pole C, and draw 
the deflection polygon A/iiWa . . . Ww, as in the case of the rib 
with free ends. 

Draw also the deflection polygon /imi?w2 . . . niy^y using the 
ordinates of the rib as loads in precisely the same manner as 
before. 

It will be found by measurement that Dwijo is greater 
than Df»io, showing that the quantities Ma are too small, or 
the polar distances too large. Draw EL parallel to the closing 
line EM, and LP parallel to AB, make the new polar distance 

Dn 
PL = ^^ X EF, and draw a new set of lines radiating from 
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P, from which the true equilibrium polygon kdldi ... B is 
obtained. Measure LP to the same scale as that used for the 
loads XLY, and it will be found to be 182 tons. This force acts 
along the line BS. The bending moment at any point of the 
arched rib equals the intercept between the rib and the true 
equilibrium polygon multiplied by the horizontal thrust, viz. 
182 tons. 

Winkler gives the following formula for locating the line 
RS:— 

_ r(fle^ + 241) 

where I = the height above AB, the other quantities having the 
same significance as in the free-ended rib. Using the values 
found for the free-ended rib, we have — 

, . «'-°iiy,xn-7'+^(o-9)) ^ 

8 X T^ X 147* 

It scales 6*9 feet on the diagram. 

The reactions at A and B are not the same as in the free- 
ended rib, being less at A and greater at B ; for the fixed rib we 
measure the segments of the load line LY and LX, Fig. 868, 
but in the free-ended rib, we measure the segments formed by 
drawing a line from E parallel to the line joining GH. 

The temperature stresses in the rib fixed at each end are 
much greater than in the free-ended rib, and the increase in 
the horizontal thrust due to the maximum range of temperature 
may be found by either of the methods explained for the free- 
ended rib. 

By Winkler's formula we have — 

_ 45E Iag^ 
" iar^+ 451 

■ 

Inserting the quantities used in the free-ended rib, we 
obtain — 

_ 45 X 1600 000 X 1Y4 X 0-0000 068 x 50 ° _ 

4 X ^4 X 20^^ + 45(0-9) ' " "^^"^ *^^® 

This increase is due to ± 50°, or 60° on either side of the mean 
temperature at which there is no stress. 

Having found the horizontal thrust for the various positions 
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of the live load, the stresses in the various members of the 
rib should be found either by moments or by means of a 
diagram as in Figs. 860 and 861. The stresses obtained should 
then be tabulated, and the maximum stress on eaoh member 
obtained. 

Three-hinged Arched and Suspension Eib.— Let ABC, Fig. 870, 
denote the neutral axis of an arched rib, hinged at A,B, and C, 
and let W denote a load applied to the rib at a horizontal 
distance AF from A. The resultant force acting at the crown B 
for the unloaded half must pass through the hinges B and G, 




and the resultant for the loaded half must pass through G and 
A. AG and GG are therefore the directions of the resultant 
pressures at A and G, the magnitude of which may be found by 
resolving W along these lines, and may be denoted by Bi and B2. 
Bi and B3 may each be resolved horizontally and vertically into 
HVi and HV2. H denotes the horizontal thrust, and Vi and V2 
the vertical reactions at A and G. 

Since the load W produces pressures along the lines GA and 
GG, take moments about A, and draw Am perpendicular to GB 
produced. Draw also kx perpendicular to AB ; then the angle 
AGB equals the angle mkXy and — 



^ ^tAF 
W X AF = Ba . Awt /. Ea = W^- y 

^ . ,r ,T ^r AF Am „^ AF 

Ea sin a = V2 ••. V2 = W . T— X 77; = W . — - = 

Am AC AC 



Ba cos a = H /. H = B2 . -7- = W: 



Aa; 



2DB 



2r 



l- b 
W 



W 



also Vi = 



l + h 
2Z 



W 



Having found the horizontal thrust and vertical reactions^ 
the values of which are independent of the shape of the rib, the 
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stresses in the various members of the arch may be determined 
by moments, or by means of a stress diagram. 

The stresses may be tabulated for each load which acts 
upon the arch, and the maximum stresses determined in the 
usual way. 

Variations in temperature do not produce stresses in this 
form of arch, as the hinged connections allow the crown to rise 
or fall freely. 

One of the most economical forms of the three-hinged arch 
is shown in Fig. 371. It was proposed and thoroughly inyesti- 
gated by Mr. Glaxton Fidler, M.I.G.E., and published in 
Engineering in 1875. Inverted, it becomes an equally economical 




suspension bridge. The neutral axis ABC is assumed to be a 
parabolic curve, and each half-rib, A6 and BC, is a parabolic 

r 
girder, the central depth of which is slightly greater than -. 

The straight portion AB is a tangent to the parabolic curve of 
the half-rib BC. 

Captain Ead's arch is somewhat similar to Fidler's, bat 
with curved lower members, similar to the upper members of 
the semi-ribs. Fidler gives the following values of H for his 
bridge. 

For a uniformly distributed load of w per unit of length 
over the whole span, we have the horizontal stress at any 
point of the upper or lower member — 



Hii;= - 



4r 



For a live load, w^ distributed over the half-span Z, or the 
whole span 21 — 

There is no stress in the diagonal bracing for either of these 
cases. 



Arched and Suspension Bridges. 353 

P 
The maximum stress H = - (t(? + w^- 

4r 

The minimum stress H = — — - 

4r 

The greatest flange stress in the semi-ribs occurs when the 
live load extends from B to a point D, Fig. 371, such that 

FD = 6 =^ — , which becomes — 
^ + a 

Maximum YLxi\ = — 7— I 1 + —. — J 

If the load extends from A to F — 

Minimum Hi^i = — -7- ( ^-7 — ) 

The maximum or minimum value of the tensile stress in the 
suspension rib, or compressive stress in the arch, is found from 
the following values of H : — 

Max. H = Ht(? + max. ^\i\ = - — | w + u'l (^ 1 + ,-~ J | 
Min. H = TSlxo + min. Hiri = - ^)^ - ^1 f ^ , J ( 

The greatest stress in any diagonal is the same as in a 
parabolic girder of span I and depth equal to that of the semi- 
rib. 

In any hinged rib, the neutral axis of which lies in a para- 
bolic curve, it can be proved that if a denote the distance of 
any point from B, Fig. 870, and h the extremity of the live 
load, which we will call the load boundary, then — 

, al 

b = 



^ + a 



This may be proved in the following manner : For any load 
between N and D, Fig. 370, the bending moment is found thus — 

M = V(Z - a) - Hy 

M will be positive or negative according to the position of the 

2 A 
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load. If the load is attached at the point 0, the bending 
moment is zero, and — 

V(i - «) = Hv 

V(Z - a) 

sabstitnting for Y and H the values already found : — 

_ r{l + h)^- a) 
^ ~ 1(1- lii 

but since the curve is parabolic — 

OK:r::a':P r - y: r::a':P 

:.y = r(l-"p) 

«' jl + b)(l - a) 
• P m-b) 

1 --"^ 
• 2Z + 

The maximum bending moment in the semi-rib for the live 
load may be positive or negative, and has the following values :— 



M 






If H denote the horizontal thrust running through the arch 
or suspension rib, and d = the depth of the girder at a, then the 
horizontal component of the flange stress in the semi-rib is — 

H -H + M 

•■-'■flange siren "" ^^ — J 

The following example of a three-hinged parabolic arched 
rib will be completely worked ont, and the bridge partly designed 
to carry a roadway 18 feet wide. The bridge, illustrated in 
Plates v., Va, and V6, consists of two parabolic ribs, 147 feet 
2 inches span, and 20 feet 7^ inches rise between centres of 
hinges. The deck is carried by two longitudinal girders sup- 
ported by vertical columns, which stand upon the top flanges 
of the arched ribs. Both the longitudinal girders and the arched 



TH 



PLATE V. 



1 
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ribs are spaced 16 feet apart, centre to centre, and the vertical 
columns divide the arch into bays of 10 feet, excepting the two 
central bays, which are each 12 feet 6 inches. 

The deck is formed of wrought-iron troughing laid trans- 
versely on top of the longitudinal girders (Chapter XIV., Pig. 
819), and filled in with coke concrete to a level of 2 inches over 
the upper surface of the trough. Above the concrete is spread 
tarred basalt metal to a depth of 5 inches at the centre and 
8 inches at the sides. The ends of the troughing are protected 
by facia plates secured to it by angle irons. 

The proportions of the coke concrete are — four of coke broken 
to a gauge of one inch, two of sand, and one of Portland cement. 
The weight per cubic foot of the coke concrete is 90 lbs., whereas 
stone concrete would weigh 128 lbs., or 30 tons more on the 
deck of the bridge. 

The strength of the troughing may be approximately cal- 
culated as follows : — 

Dead load, including concrete, metal, and troughing 8 feet wide 
between longitudinals = 2024 lbs. per foot run 

15 ;i- * W^ 2024 X 8 X 16 __ , ,, 
Bendmg moment = — = — — — — - — = 5*42 foot-tons 

o t2i24() X o 

Live load consisting of traction-engine shown in Figs. 822 

and 828 
Bending moment = 4'75(8-2-5) = 26*18 foot-tons 
Total bending moment on one trough = 81*55 foot-tons = 878 

inch-tons 

Treating each trough as a girder, with each flange consisting 
of the horizontal portion plus one-half the sloping portion above 
or below the neutral axis, we have — 

Area of one flange = (28"5 — 4 x '')^^^ = ^^^ x 25*5 square inches 

Distance between centres of gravity = 11*875 inches 

Moment of) 25*5 x 5 x 11*375 x 20 - ^, ^ ^ . , , 

. . J = - ^n — = 1812-9 mch-tons 

resistance) 16 

1812*9 
Hence the factor of safety is - — = 4-8 

37o 

Longitadinal girders consist of two plate web girders spaced 

16 feet centres across the bridge, each 18 inches deep, tapering 
to 6| inches near centre of bridge. They are stiffened over 
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columns with diaphragms, and the bottom flanges are laced 
with 8 X f bars. The ends of longitudinals are continued over 
abutments, and have gun-metal bearing-plates secured on their 
lower flanges sliding on cast-iron bed-plates secured to bed- 
stones. 

Each longitudinal girder is calculated as a continuous girder 
of fiye equal spans, the two central bays being supported 
throughout their length by the rib. 

The loads on the longitudinal girder are as follows : — 

Live load, taken as 84 lbs. per square foot of roadway = 0*35 
tons per lineal foot on each girder. 

Dead load = 0*7 tons per lineal foot on each girder. 

The maximum bending moments for these loads occur when 
the bays iBi, x^^ and x^ are fully loaded, and bays as, and x^ are 
loaded with the dead load only. 

The bending moments at centres of bays x^, fl%, and fl%, 
Plate v., may be found, by the methods already explained, to be 
18 foot-tons, and at centres of bays x^ and x^ to be 8*7 foot- 
tons. 

The traction engine produces the greatest bending moment 

when the load on one wheel is carried entirely by one girder 

11'83 
and -- -^— of the other also, 
lb 

The total load on one girder due to the driving wheels 

/ 11*83 \ 
=s 4*75 f 1 + |/* ) = S'll tons, and the load due to the trailing 

wheels is 3*25 f 1 + - - J = 5*55 tons. 

Bending moment at centre of bay due to driving wheels 

= 20*3 foot-tons 
Bending moment at centre of bay due to trailing wheels 

= 13*0 foot-tons 
Bending moment at centre of bay due to dead load 

== 8*75 foot-tons 

The results are summarized as follows, the working stresses 
being taken as 4 and 5 tons compression and tension respec- 
tively : — 



Arched and Suspension Bridges. 



357 



TABLE LXXXIV. 



Flange. 



Top 



Bottom 



Effective area. 



Driving wheeU over bay X| trailing uver 
abutment. 



Driving wheels over centre of bay %2 
trailing over xi 



Uequired. 

Bq. in. 
20 



Provided. 



Beqolred. 



aq. in. 



(- ^"- =3-5 /Two angles) 
11-42x4 i\ 4x8xi/-^^ j J, 

\l-42x5-^'^:\ riveta /-^^''li. 



21 
42 X 5 

21 
42 X 4 



Bq. In. 
= 30 

= 3-7 



Provided. 



sq. in. 

Two angles 
as before = 5*75 
less rivets 

Do. gross = 6*5 



Maximum shear dae to dead and live load = 11*61 tons. 
The web plate is made | thick, and the rivets f inch 
diameter, 4 inches pitch, which may easUy be shown to be safe. 
The columns are calculated by the formula — 



/ = 



19 



l + ^-o-(^) 



a 



r being in this case the breadth of the channels. They are made 
larger than necessary for appearance. 



k-/«'- -+.- 



- /•' - *|fr -/•'-+■- y^* - ^t - /»' - -+ - 




Oolomn 1 requires by above formula 4*6 sq. in. 
2 f, ft 5*3 », 

u «f f* 4*1 .« 

4 « „ 3-6 



»» 



»» 



>♦ 



n 



»» 



>» 



Area provided is 13*2 sq. iu. 

13*2 
10-2 
10-2 



»» 



»» 






» 



»» 

»» 



Arched Bibs. — The load resting upon the arched ribs may now 
l)e ascertained. 
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Table LXXXV. 





Dead load. 






DMriboted 
Ihreload 


Point 


- 




._ — 


- eqvaladead 


number. 




Column and 




load 
0*35 




Deck and loogltudtnal Birder. 


bracing of 
rib. 


TotaL 


1 %7=* 




tona. 








1 


0-7 X 10 X U = 2-8 


21 


4-9 


1*4 


2 


X a =8-0 


2-8 


10-8 


4-0 


3 


X fi =6-8 


2-3 


91 


3-4 


4 


X 8 =6-8 


20 


8-8 


3r4 


5 


X II =80 

X W + 07 X = G-3 


1-8 


9-8 


4-0 


6 


1-6 


7-9 


3-2 


7 


0-7 X 11-25 = 7-9 


1-7 


9*6 


3-9 


8 


0-7 X 6*25 = 4-4 


12 


5-6 


2-2 




Totals 


• • • • • • 


66-5 


' 25-5 

1 



The bending moments in the arched rib considered as 145 
feet span, with a rise of 20 feet (Fig. 372) for live and dead load, 

may now be calculated, using the formula 6 = ~ ~ to find the 

2* + o 

distribution of loads which will give the maximum; thus for 

point 2 — 

t = . rfc^ ^ . nc^ K- ^I'S fcet 

2 X 72-5 + 62-6 

jFor Maxima Bending Moment. Positive (see Fig. 373) — 
= 72-5V - 20H + 10-8 x 10 + 9'1 X 20 + 8*8 X 30 + 9*8 

X 40 + 7-9 X 50 + 13-5 X 60 + 7*8 x 72-5 
= 72-5V + 20H - 14-8 x 10 - 12-5 x 20 - 12*2 x 30 

- 13-8 X 40 - 11-1 X 50 - 13-5 x 60 - 7*8 X 72*5 
.-. H = 149-1, and V = 365 



TmtalUi^ rf 




Fig. 373. 



Using these values, and taking moments about the neutral 
^xifl of the rib at 2, we have— 
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M2 = 3-65 X 62-5 - 149-1 X 14-86 + 7-8 X 62*5 + 18-5 x 50 
+ 7*9 X 40 + 9-8 X 30 + 8-8 x 20 + 9*1 X 10 = + 
52-01 

Negative (see Fig. 374)— 

= - 72-5V - 20H + 14-8 x 10 + 12-5 x 20 + 12-2 x 30 
+ 13-8 X 40 -h 11-1 X 50 + 9-6 x 60 + 5*6 x 72-5 
= - 72-5V + 20H - 10-8 x 10 - 9-1 x 20 - 8*8 x 80 
- 9-8 X 40 - 7-9 X 50 - 9'6 x 60 - 5-6 x 72-5 
.-. H = 129-4, and V = 365 
Mg = - 3-65 X 62-5 - 129*4 x 14*86 + 5*6 x 62*5 + 9-6 x 50 
+ 11-1 X 40 + 13-8 X 30 4- 12-2 x 20 + 12*5 x 10 
= -94 



;, nikULmaJ - .Ulmnd. 




AaJ Lmui ; 




FlO. 374. 



In the same manner it may be shown that for the point 3 the 
load boundary = 19*3 feet. For maximum positive bending 
moments H = 149*1, and V = 8*65 ; M3 = + 98*07. For maxi- 
mum negative bending moments H = 129*4, Y s= 3*65, and Ms 
= - 140-08. 

For the point 4 the load boundary is 16*3 feet, and we obtain 
the same values of H and Y as for points 2 and 8. M4 = + 
123-31 and - 158-10. 

For point 5 the load boundary is 12*3 feet ; H = 143*23, 

Y = 5*21, and M5 = + 118*04; also H = 135-25, Y = 5*21, and 
Me = - 153*08. 

For point 6 the load boundary is 8*8 feet ; the values of H and 

Y are the same as for point 5 ; and Me = + 112*29 and - 117*25. 

For point 7 the load boundary is 4*7 feet, the values of H and 

Y are the same as for points 5 and 6 ; and M, = +78*12 and 
- 74*92. 

Stressei due to Dead Load and Iraotion Engine. — The maximum 
loads carried by one rib due to a traction-engine rolling over the 
bridge will be the same as in the longitudinal girder, viz. 8*11 
tons concentrated on the driving and 5*55 tons on the trailing 
wheels. 

Let the driving wheels be over column 2, Fig. 875. 
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Then— 







•. H 
Ma 



= - 72-5V - 20H + 18-91 x 10 + 91 x 20 + 8*8 x SO 
+ 9-8 X 40 + 7-9 X 60 + 9-6 X 60 + 56 x 72*5 

= - 72-5V + 20H - 10-8 x 10 - 9*1 x 20 - 8'8 x 30 
- 9-8 X 40 - 7-9 X 60 - 9-6 x 60 - 6*6 x 72-5 

= 118-18, and V = 0-56 

= - 0-56 X 62-6 - 118-18 x 14-86 x 5-6 + 62-5 + 96 
X 50 + 7-9 X 40 + 9-8 x 30 + 88 x 20 + 91 x 10 

= - 84-15 



The maximum negative bending moment at point 2 is there- 
fore greater for the traction engine driving wheel over the point 



o 9 




Fko. 87S. 

2 than for the dead and distributed live loads when the latter 
occupies the worst position, and it will be found that the 
maxima negative moments occur at the various points in nearly 
every case when the driving wheel of the traction engine is over 
these points respectively. So far as this example is concerned, 
the negative bending moments for the dead and distributed 
live loads need not have been considered, since the traction 
engine always produces the greater effect. 

The results are given in Table LXXXVI. 

The bending moments recorded in the following table, which 
have been calculated with reference to the neutral axis of the 
rib, must be divided by the effective depth of the rib in order to 
find the stresses in the flanges due to bending. The positive 
sign denotes the upward bending moments, and the negative 
sign the downward bending moments, so that the former produces 
tension in the extrados and compression in the intrados, while 
the latter produces compression in the extrados and tension in 
the intrados. 

The horizontal thrust and the vertical reactions and loads 
produce compressive stresses in the rib which are independent of 
the depth, and these must be combined with the stresses due to 
bending in order to find the resultant stresses. 



Arched and Suspension Bridges. 



361 



agi 



H 



a 
a 

§ 





1 






9 
9 

i 
§ 

9 



GO 



5 



.s 
I 



> 10 

a 
I- 



CO 



C9 



M 

•c 

5 
S 

a 



GO 



o 
« 

2 10 

to 

a 

X 



CO 



CQ 



<0 M 

M 10 



I I 



10 M 
I I 



00 
00 



I ^ 



+ + 

10 



n o 

# 

e« ^ 

+ + 



I I 



CI 00 



9 
I 



CI 

I 



^ lO 4« m 

■ • ■ ■ ■ 

CO ** r-« *• 00 

*• Oft e Ok to 

I I 7 I I 



I 



oo f) 
I I 



00 



10 

s 

I I 



10 

10 



00 



10 



<0 

I 



eo 

I 






m 



I I 



to 10 

10 00 

■ • 

e Oft 

.^ c* 

I I 

e 10 

o 00 



00 
CO 

I 






00 



to 

I 



I 



et 


10 


s 


^ 


» 


% 


1 


1 


1 


1 


1 


1 


n 


*- 


? 


n 

^ 


s 

• 


»4 

e 

• 


«o 


d 


e 


« 


m* 


i- 






^4 


■■4 


e« 


p- 


+ 


1 


1 


1 


1 


1 


10 


n 


e 


00 
00 


s 


eo 

• 



eo 



+ + + » I 



09 

rt 
c« 



10 

• 

I- 
«o 10 



CO CO 

C9 a» 

»• to 

+ + 



00 
CI 



00 V 

S CI 

+ + 

10 «> 

(0 10 



I I I I I I 



00 

n 
I 



CO *- 



I I 



00 « 
00 00 

10 o 



c« 

8 



«o 

to 

p* 

I 

CI 

n 



00 2J 

qo Oft 

«» i— 

C« 10 

I I 



M eo 



I I I I I 



I 



n 

lA 
00 



S3 ^ 



0» 

•a 



I i 



flO 

I 



00 

00 



I 



eo 



S 



I I 

10 s 



00 

I 



I 



• ■ 

II 
I 



10 M 

• * 

J _l 

^ e« 

I I 

9 (O 

10 *• 

• 

00 «0 



I I I 



§51*8 
«s I . 

a 



eo 



s s s 






00 

10 



9 *- ^ 

iO «i« t* 



I I I I I I 



S3 S S S 



c« 



00 



PO 00 



M 00 
1^ «- 



+ + 



+ + + 



'^mod JO laqoiajc 



M eo -^ 



r 



;62 Engineering Construction. 



Let F = the sam of the vertical forces on the right side of 
the neutral axis of the rib, inclading the vertical 
reaction. 
a = the angle which the tangent to the neutral axis 

makes with the horizon. 
H =: the horizontal thrust due to the vertical forces. 
Then the compressive stress in the extrados and intrados of 
the rib is — 

F sin g + H cos a 
2 

The shearing stress is — 

F cos a — H sin a 

If we calculate the values of sin a and cos a at the various 
points in the neutral axis corresponding with the points about 
which the bending moments were taken, we can find the values 
of the compressive and shearing stresses and combine these with 
the stresses due to bending. 

Remembering that the neutral axis of the rib is parabolic, 
and that the subtangent is twice the horizontal distance from 
the point at which the tangent is drawn to the centre of the 
hinge at the springing, we can tabulate the values of the sine and 
cosine as in the following table. The effective depth of the web 
is 2*5 feet. 

The maximum stress due to bending is 72*18 tons, therefore 
the sectional area of the top and bottom flanges is — 

72-18 

— - — = 18*045 square inches 

4 

The area provided (Plate V.) is— 

Fouraogleii4 X 3x ^ ... ... ... ... lS-00 square inohea. 

TwoplatesSx^ ... ... ... ... C'To „ 



Total area of one flange ... ... 1 9*75 

Total area of both flanges ... ... 39*50 






The maximum resultant is 188 tons compression, which is 
distributed over about 28 inches of the depth of the rib, as a 
stress uniformly varying from to a maximum. If we take half 
the depth of the web as effective, and add the area to the area of 
one flange, we have for the two web plates, taken as \ inch thick, 
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15 square inches, or a total area of 34*5 square inches ; hence the 
intensity of stress is about — 

188 
■ = 4 tons per square inch 

o4*0 

41 '13 

The maximum shearing stress is 41*13 tons, or = 164 

^*D 

tons per foot on the two web plates, or 8'2 tons on each web 
plate. 

Assume that the rivets are \ inch diameter and 4 inches 
pitch, then the intensity of shearing stress on the rivets is — 

3x0-6x2 x/=8-2 

/. /= 2*8 tons per square inch 

The intensity of pressure on the bearing area is — 

Px3xixJ = 8-2 

/. yi = 6*2 tons per square inch 

The intensity of shearing stress on the web is — 

Hence there is no danger of buckling, and the sizes of rivets, 
pitch, and thickness of web may be adopted. 

The section of the web is made uniform throughout, and for 
convenience of carriage the joints occur in the centre of each 
bay. 

Hinges. — The hinges at the centre and springing are formed 
each of two castings working on a steel pin 7 inches in diameter, 
and 2 feet 4| inches long. The maximum pressure on the hinges 
occurs when the bridge is fully loaded. In this case H = 162*8 
tons, and V = 0. 

At the centre the pressure is 162*3 tons, and the intensity of 

pressm-e is — 

162-3 ^^^^ 

- — — = 0*82 tons per square mch 

7 X ^o*i2o 

At the springing — 

P sin a + H cos a = 92 X 0-481 + 162-3 x 0*875 = 186*26 tons 
The intensity of pressure per square inch is — 

186-26 

r. ^o ..^ = ^"9-1 tons 
7 X 28*25 
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The intensity of compressive stress on the rib at the springing 
when the bridge is fully loaded is — 

186-26 ^„^ 
"~69-5 ^ ^^^^^ 

The details of the bridge are sufficiently illustrated in 
Plates v., Va, and Vft. 

The calculations for wind pressure present no difficulty ; the 
sections adopted for the wind braces are ^hown on the Plate Ya. 

Abutments. — The abutments are composed of sandstone ashlar 
masonry, set in cement mortar, with wing walls and pilasters ; 
inequalities in the rock face may be filled with cement concrete. 
The bedstones or skewbacks should be made of granite or other 
suitable stone. 

Erection of the Bibs. — The ribs may be riveted on a staging, 
so that the longitudinal girders may have, when fixed in position, 
an even fall of 3 inches from the central hinge to the end girder 
when the temperature in the sun is 70° Fahr. Should the ribs 
be erected on a warmer or colder day, the necessary allowance 
for temperature must be made in wedging up the end hinges. 

The foregoing method of calculation may be used for either 
a plate web or lattice web ; if the web is designed with a single 
system of triangulation as in Fig. 860, the stresses may be 
obtained graphically as shown in Fig. 861, or by passing a section 
through any three members of the rib and taking moments in 
the usual way. 

Suspension Bridges consisting of Steel Wire Cables stiffened 
near the Towers by means of Inclined Stays. — This is not a 
satisfactory construction as ordinarily carried out, as at best 
the stays leave the centre portion of the span unsupported, 
and the lengths of the inclined stays cannot be adjusted so 
that they will act efficiently under variations of temperature ; 
the only useful purpose they serve is to check the vibrations 
and oscillations produced by the rolling load. 

Suspension Bridges consisting of Steel Cables with a Stiffening^ 
Oirder. — The steel cables may be combined with a horizontal 
stiffening girder, in which case the cables must sustain the whole 
live and dead load, the girder merely acting when the bridge is 
partially loaded, and the effect is to distribute the load over the 
cables. 

The cables themselves tend to adapt themselves to the form 
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of the eqailibrium curve for the load they sustain. If the load 
is equally distributed along the horizontal, the curve of 
equilibrium may be proved to be a parabola. 

Ordinary suspension bridges approximate closely to this 
curve, and it is assumed that the curve is a parabola in the 
following calculations. Since the steel cables carry the whole 
of the load, and the stiffening girders merely distribute the load 
without relieving the stress in the cables — ^in fact, adding to it 
by their own weight — this form of construction is by no means 
as satisfactory as the suspended rib proposed by Fidler, in 
which there is no increase in the flange areas of the ribs for 
stiffening the bridge when it is partially loaded; the form 
fiecures rigidity, and therefore requires no stiffening. 

The use of the stiffening girder for cable suspension bridges 
has been very general, and is still in use ; steel- wire ropes may 
be obtained at a moderate cost which will bear a tensile stress 
of 100 tons per square inch of sectional area, and the cost of 
these bridges is certainly not great where the site is suitable. 
The equation of maximum bending moments in the stiffening 
girder hinged at the centre, where the quantities have the same 
meaning as in the arched rib (Fig. 870), is, if the cables are 
parabolic and the girder rigid — 

For a uniformly distributed load over the whole bridge, there 
is no stress on the girder ; for a load distributed uniformly over 
one-half of the bridge, the maximum flange stress in the stiffening 

girder is t ^^. 

The stresses in the flanges alternate between tension and 
an equal compression, so that a low value must be taken for 
the working stress. The stiffening girder is generally hinged at 
the centre to avoid temperature stresses, and it should be 
secured at one end by bolting it to one of the piers or abut- 
ments, so as to fix it horizontally, and it should be allowed to 
expand freely over the other supports. 

The hinge at the centre renders the calculations an easy 
matter, but if the girder were made strong enough to withstand 
the temperature stresses without a hinge, and securely fixed to 
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the abutments and piers, it would be much more rigid than the 
hinged bridge. 

The following example of a stiffened suspension bridge ^ will 
illustrate the method of determining the most important of the 
stresses in this class of structure. 

The bridge, illustrated in Plates VI., Via, and Vli, is 
775 feet long, in three spans of 150, 500, and 125 feet respec- 
tively, and 28 feet wide in the clear. It consists of steel-wire 
cables suspended from masonry towers and supporting steel 
lattice stiffening girders and steel cross-girders. 

The cables, which are six in number, three on each side of 
the bridge, consist each of seven ropes formed with plough-shear 
steel wire. The central deflection of the cables is 88 feet 6 
inches, and they are continued over the main towers on each 
side of the central span, and pass below the ground, through 
inclined shafts excavated in the rock, to the anchorages. 

The sectional area of steel wire in each rope is 2 square 
inches, and the total sectional area in the six cables is 84 square 
inches. The arrangements for anchoring the cables to the 
rock are shown in Plate VI6., and consist of six hollow cast- 
steel beams, 15 inches in diameter, and 2^ inches thick, 
arranged three in each of two chambers excavated in the rock. 
An inclined rectangular shaft gives access to each of the 
chambers referred to from the ground level, and the cables pass 
down these to cast-iron thimbles, around which the ropes are 
coiled, and the ends of the wires are spread out in conical holes, 
where they are firmly secured by driving in round steel taper 
pins. The width between the cables over the piers is 48 feet 
centre to centre, and in the centre of the bridge 82 feet centre to 
centre. The towers are 112 feet high, and the cables discharge 
their weight upon expansion rollers 3 feet in diameter, which 
rest upon granite bed-stones, from which the pressure is dis- 
tributed uniformly over the towers. 

The stiffening girders, which are designed to prevent the 
main cables altering their curvature when the bridge is traversed 
by a moving load, are hinged at the centres, and spaced 15 feet 
centre to centre across the bridge. 

The main girders are 12 feet 6 inches effective depth, and 
the cross-girders are 2 feet deep. The method of connecting 
the cross-girders to the main girders, and the cables, and 

> North Sydney Sugpension Bridge. Engineen, J. E. F. Coyle and the author. 
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the sections of these girders are sufficiently illustrated in 
Plates Via, Vli. 

Calcolationa. — The total dead load, including cables, girders, 
deck, bracing, handrails, etc., on central span is 0*93 ton per 
lineal foot. 

The live load for a crowd of people, at 40 lbs. per square 
foot of deck, is 0*50 ton per lineal foot. 

The live load for a tram motor and three loaded cars is 
equivalent to a load of say 0*5 ton per foot run over 150 feet. 

The cables must be strong enough to carry the total live 
load of 0*93 + 0*5 = 1'43 ton per foot lineal; say 1*5 ton. 



Stress m centre = ^, = 1218 tons '• 

8 X 38"5 

Stress at towers = ^^375=* + 1218^ = 1275 tons 

Hence the maximum intensity of working stress in tlie 
cables is — 

-— - = 15*2 tons per square inch 
or a factor of safety of ~- = 6*58 

This factor of safety will be slightly reduced by a fall in 
temperature, which diminishes the central deflection, and 
increased by a rise in temperature. 

It can easily be shown, by equating the moment of resistance 
of the hollow steel girders at the anchorages with the bending 
moment produced by the maximum pull on the cables, that the 
sizes mentioned are sufficient for their purpose. 

Again, the stability of the towers against a wind pressure of 
30 lbs. per foot can easily be shown to be ample. i 

The stiflening girders receive their maximum stresses daring 
the passage of a tram motor with three loaded cars, and, as the i 
tram line is shown on one side, so as to leave room for a 
carriage way on the other, the stiffening girder nearest the 
centre of the tram line will receive twice as great a load as the 
other. 

Let a = the distance from the central hinge to the point 
where the bending moment is a maximum. 
I = the half-span. 
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Let Wx = the equiyalent distributed live load per foot run, 

which will produce the maximum stresses in the 

stiffening girder. 

Then the greatest bending moment producing stresses in the 

booms of the stiffening girder which alternate between tension 

and an equal compression is — 



M 






The stresses and areas may be tabulated thus — 



Table LXXXIX. 











Area required i:i booms in 


Distance a from 
central hinge 


M. 

Foot-tons. 


Stress in booms. 
Tons. 


Total area re- 
quired in booms in 
square inches. 


square inches. 


in feet. 














QirderA. 


Girder B. 











00 


17 


14-25 


25 


739 


59 


19-6 


28 


14-25 


50 


1363 


101 


33-7 


42 


2100 


75 


1856 


149 


49-6 


42 


2100 


100 


2188 


175 


58-5 


42 


2100 


125 


2344 


188 


62-7 


42 


2100 


150 


2308 


185 


61-6 


42 


2100 


175 


2066 


157 


52-3 


42 


2100 


200 


1607 


129 


430 


42 


2100 


225 


922 


74 


24-6 


28 


14-25 


250 







1 


00 


17 


14-25 



The working stress is taken as 8 tons, because the stresses 
alternate between tension and an equal compression in conse- 
quence of the maximum bending moment acting upwards and 
downwards. 

Shearing Stresses. — Let a single weight W act at any point 
situated at a distance y from the left support. Let x denote 
any distance from the left support less than y. The reaction at 
the left support is — 

W(2Z - y) 
2Z 

In consequence of the assumed rigidity of the truss and the 
parabolic curve of the cables, the upward pull upon the girders 

is -~ per unit of the length. 

2 B 
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The Bhearing stress at any point between the left-hand sup- 
port and W is — 

W(2Z - y) Wyx 



21 



= S 



If toi denote the load per unit of length distributed over 
a distance y from the left support, then the equation of shearing 
stress becomes — 

Let the live load of half a ton per foot run be distributed 
over 150 feet of the bridge, extending uniformly from the left 
abutment, the remainder of the bridge being unloaded ^th the 
live load. Then the maximum shearing stress will occur at the 
first bay from the left tower — 

150 

(500 - 75) = 63-75 tons 



2 X 500 
The equation of shearing stress becomes — 

S = 68-75 - 0-090?. 
The maximum stress in the end diagonals is therefore — 

68-75 X 1-414 = 90-14 tons 

Hence, if the working stress is 6 tons per square inch, the 

area required is — -r— = 15-02 square inches. 

o 

The stresses in the diagonals are always tensile, one 
diagonal acting when the right-hand girder is loaded, the other 
diagonal acting when the left-hand girder is loaded. 

It is clear, from the above equation, that the shearing stress 
diminishes slowly from the left support; consequently the 
diagonals should not be reduced towards the centre to the same 
extent as in ordinary lattice or truss girders. 

Again, for a moving load extending over a given distance the 
maximum stress will be produced in the left end panels, when 
the load extends from the left. If the load moves towards the 
centre, the shearing stress becomes smaller. 

For a moving load of half a ton per foot, distributed over the 
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left 250 feet, the remainder of the bridge being unloaded, the 
equation of shearing stress becomes — 

S = I X 260 - 7 = 93-75 - ? 

The maximum stress in the end diagonals is — 

93-75 X 1-414 = 131-6 tons. 

And the area required is — 

131-6 ^^ ^ 

— - — = 21-9 square mches 
o 

The vertical compression members consist of four angles 
arranged in a rectangular form. 

The maximum stress in the end columns is — 

12-5 
93-75 - -— = 90-63 tons 
4 

And since the stress is compressive, the working stress should 
be 4 tons, allowing for the slight tendency to buckle laterally. 
The area required is therefore — 

90-63 ^^^^ 

— — = 22-66 square mches 

The actual sections provided in the bridge are sufficiently 
illustrated in Plates VI., Via, and VI6. 

Stresses in the Cross-Oirders. — The longitudinal stiffening 
girders distribute the loads from the driving wheels of the tram 
motor over two or more cross-girders, and equalize the tensile 
stresses on the suspension rods, so that the live load upon the 
cross-girders must be considered in regard to the load upon the 
tram line estimated at half a ton per foot run, and the crowd of 
people estimated at 40 lbs. per square foot of the deck not 
occupied by the tram. The dead load consists of the weight of 
the deck floor, handrailing, longitudinal timber beams, portion 
of stiffening girders, and cross-girder. 

It may be shown that the maximum vertical pull on any 
suspension rod is about 11 tons, and the stress in the rod about 
11^ tons. The suspension rods are 2 inches in diameter, and 
the effective area of the two bolts passing through the clips on 
the cables should be equal to that of the suspension rods. 

It may also be shown that the maximum intensity of working 
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stress in the tension flange of the cross-girder shown in Plate YK. 
is 6 tons per square inch. 

Wind Bracing. — The maximum wind pressure over the whole 
bridge at 80 lbs. per square foot acts horizontally oyer a 
surface equivalent to 500 feet X 15 feet = 7500 square feet in the 
centre span, and 2250 and 1875 square feet in the side spans. 
The total force in the central span is 7500 x 80 = 225,000 
lbs., or say 100 tons. Since there are forty bays, the apex loads 
are 2^ tons. 

The wind pressure is resisted partly by the cables and dect, 
and partly by the wind bracing between the cross-girders and 
main girders. If 1^^ ton is supposed to act at points along the 
top booms of the stiffening girder corresponding with the positions 
of the cross-girders, it will be found that the maximum stress in 
the end diagonals is 30 tons. The remaining stresses may be 
found in the same manner as in an ordinary lattice girder. 

The cross-girders act as struts, and the double system of 
diagonal bracing will never act at the same time ; one system 
will always be slack. 

The remaining 1-ton apex load may well be left for the 
cables and the continuous deck of tallow-wood timber. This 
bridge is designed for light traffic, such as a horse tramway, 
which may be replaced by an electric tramway, and the live 
loads assumed in the foregoing calculations are greatly in excess 
of what is expected to pass over it. It is certainly not strong 
enough for ordinary town traffic. It should be regarded as a 
bridge of the minimum strength necessary to carry light traffic, 
such as that referred to, over a long span. 

A three-hinged or two-hinged arched bridge would haTe 
been equally suitable for the site, and would have worked out 
quite as economically. 
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Working stress, 15 

in continuous girder, 172 

in swing bridge, 328 

in wind bracing, 289 
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STEAM AND iTHE STEAM ENGINE, &c. 

BALE — ^A Handbook for Steam Users $ being Bules for Engine Drivers 
and Boiler Attendaots, with Notes on Steam Engine and jBoiler Man- 
agement and Steam Boiler ExplosionB. By M. Powis Balb, M.I. M.E. , 
A.M.LC.E. Fcp. 8vo. 2«. 6d 



BOLTON— Motire Powers and their Practical Selection. By BBGnrAUo 
Bolton, Associate Member of the Institution of Civil Engineers, etc 
Crown 8vo. 6«. Qd. net. 



BOURNE — ^A Catechism of the Steam Engrine, in its Various Applications 
in the Arts, to which is added a chapter on Air and Qas Engines, and 
another devoted to Useful Rules, Tables, and Memoranda. By John 
Bourne, O.E. Illustrated by 212 Woodcuts. Crown 8vo. Is. 6d 

CLERK— The Gas Engine. By Duoald Clbrk. With 101 Woodcuts. 
Crown Bvo. 



HOLMES— The Steam Enffiue. By Qeorqb C. V. Holmes (Whitworth 
Scholar), Secretary of the Institution of Naval Architects. With 212 
Woodcuts. Fcp. 8vo. e». 

RANSOM — Steam and Gas Engine Governors. By H. B. Ransom. 

\In ^preparation, 

REPPER— Works by William Ripper, Member of the Institution of 
Mechanical Engineei-s ; Professor of Mechanical Engineering in the 
Sheffield Technical School. 



- Steam. With 142 Illustrations. Crown 8vo. 2<. 6<2. 



SENNETT— The Marine Steam Engine. A Treatise for the Use of 

Engineering Students and Officers of the Royal Navy. By Riohabd 
Sennbtt, R.N., Engineer-in-Chief of the Iloyal Navy. With 261 
Illustrations. 8vo. 21 «. 

STROMEYER— Marine Boiler Management and Construction. Being 
a Treatise on Boiler Troubles and Repairs, Corrosion, Fuels, and Heat, 
on the properties of Iron and Steel, on Boiler Mechanics, Workshop 
Practices, and Boiler Design. By C. E. Strometbr, Graduate of the 
Royal Technical College at Aix-la-Chapelle, Member of the Institute 
of Naval Architects, etc. With 462 Illustrations. Svo. 18«. net. 
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ARCHITECTURE. 

GWILT— An EneyeloiMDdiA of Arehiteetnre. By Joseph Gwilt, F.SlA. 
Illustrated with more than 1100 Engraving on Wood. Revised (1888X 
with Alterations and Considerable Additions, by Wtatt Pafwobth. 
8yo. 520. 6(2. 

MITCHELL— The 8tepptng-Stone to Arehitoctare : explaiuing in 
simple language the rrinciples and Progress of Architecture from the 
earliest times. By Thomas Mitchsll. With 22 Plates and 49 
Woodcuts. 18mo. Is, sewed. 



BUILDING CONSTRUCTION. 

Adraneed Bulldinir Constrnctioii. By the Author of ^ Rivington's Notes 
on Building Construction*. With 386 Ulustrations. Crown 8ya 
4<. 6(2. 

BURRELL— Bulldinir Construction. By Edward J. Bcrrkll, Second 
Master of the People's Palace Technical School, London. With 308 
Working Drawings. Crown 8vo. 2b. 6<2. 

SEDDON— Builder's Work and the Buildingr Trade. Bv Colonel H. 
C. Seddon, R.E., Superintending Engineer H.M.'8 Doclcyard, Ports- 
mouth ; Examiner in Building Construction, Science and Art Depart- 
ment, South Kensington. With numerous Illustrations. Meoinm 
8vo. 16*. 

RIVINGTON'S COURSE OF BUILDING CONSTRUCTION. 

Notes on Buildingr Construction. Arranged to meet the requirements of 
the Syllabus of the Science and Art Department of the Committee of 
Council on Education, South Kensington. Medium 8vo. 

PartL First Stage, or Elementary Course. With 552 Woodcuts. 10s. 6d. 
Part XL Commencement of Second Stage, or Advanced Course. With 

479 Woodcuts. 10«. 6d. 
Part III. Materials. Advanced Course, and Course for Honours. With 

188 Woodcuts. 21«. 
Part IV. Calculations for Building Structures. Course for Honours. 

With 697 Woodcuts. 15«. 



ELECTRICITY AND MAGNETISM. 

BENJAMIN— The Intellectual Rise in Electricity: a History. By 
Park Benjamin, Ph.D., LL.B., Member of the American Institute of 
Mechanical Engineers, etc. With 28 Portraits and Illustrations. 8vo.21t. 

CUMMING^ — Electricity treated Experimentally, For the use of Schools 
and Students. By LiNNiEUS Cumming, M.A-, Assistant Master in 
Rugby School. With 242 Illustrations. Crown 8vo. 4«. 6d 

DAT— Exercises in Electrical and Mai^netic MeasnrementSy with 
Answers. By R E. Day. 12mo. 3«. 6d, 
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DU BOIS— The Ma^etle Cirenit in Theory and Practice. By Dr. H. 

Du fiois, Priyatdocent in the Uniyersity of Berlin. Tranlated by 
Dr. Atkinson, formerly Professor of Experimentiil Science in the 
Staff College, Sandhurst With 94 lUustrations. 8vo. 12s. net 

€K>RE— The Art of Eteetro-Metailnrsry. inclading all known Processea 
of Electro-Deposition. By Q. Gobb, LL.D., F.RS. With 66 Wood- 
cuts. Fcp. 8yo. Qi. 

JENKIN—Eleetrieity and Maipnetism, By Flsemino Jeisexs, F.R.S.S., 
L. & E., M.I.C.E. With 177 Illustrations. Fcp. 8yo. 3«. 6d. 

JOUBEBT— Elementary Treatise on Eleetrieitv and Magnetism. 

Founded ou Joubbrt's * Traits fil^mentaire d'Electricit(L' By G. C. 
Foster, F.R.S., Quain Professor of Physics in University College, 
London ; and E. Atkinson, Ph.D., formerly Professor of Experi- 
mental Science in the Staff College. With 381 Illustrations. Crown 
8yo. 7«. 6d. 

LABDEN — Electrieity for Pnblie Scitools and Colleges. By W. Lardkn, 
M.A. With 216 illustrations and a Series of Examination Papers with 
Answers. Crown 8vo. 6«. 

MEBBIFIELB— Magnetism and Deviation of the Compass. For the 

use of Students in Navigation and Science Schools. By John 
Mebrifield, LL.D., F.R.A.S. 16mo. Sts. 6d. 

POTSEB— Works by A. W. Potser, M.A., Gi-ammar School, Wisbech. 

Magnetism and Electricity. With 235 Illustrations. Cr. 8vo. 2<. 6d. 

Advanced Electricity and Magnetism. With 317 Illustrations. 

Crown 8yo. 4«. Qd, 

HLINGO and BBOOKEB— Works by W. Slinoo and A. Broorer. 

Electrical Engineering for Electric Light Artisans and 

Students. With 346 Illustrations. Crown 8yo. 12«. 

Problems and Solutions in Elementary Electricity and Mag- 



netism. Embracing a Complete Set of Answers to the SouUi 
Kensington Papers for the Years 1885-1894, and a Series of Original 
Questions. With 67 Original Illustrations. Crown 8vo. 2«. 

TTNDALL— Works by John Tyndall, D.C.L., F.R.S. See p, 12. 



TELEGRAPHY AND THE TELEPHONE. 

BENNETT— The Telephone Hystems of the Continent of Europe. By 

A. R. Bennett, Member of the Institution of Electrical Engineers ; 
Divisional Engineering Superintendent in London to the United Tde- 
phone Company, Limited, 1880. With 169 Illustrations. Cr.8vo. 15*. 

CULLEY— A Handbook of Practical Telegraphy. By R. S. Collet 
M.I.C.E., late Engineer-in-Chief of Telegraphs to the Post Office. 
With 136 Woodcuts and 17 Plates. 8vo. 16«. 

PBEECE and SIYEWRIGHT— Telegraphy. By W, H. Prebck, C.R, 
F.fl.S., V.P. Inst. C.E., &c., Engineer-in-Chief and Electrician, Post 
Office Telegraphs ; and Sir J. Sivewmght, K.C.M.G., General Mana- 
ger, South African Telegraplis. With 268 Woodcuts. Fcp, 8vo. 6*. 
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Frai^ents of Science : a Series of Detached Essays, Addresses and Re- 
views. 2 vols. Crown 8vo. 16«. 

VOL. I. :— The GoDstitiiUon of Nature— BftdJatloB— On BaiUant Heat in relation to the 
Colour and Chemical Conetitatlon of Bodies— New Chemical Beactione produced hf Light 
—On Dust and Disease— Voyage to Algeria to observe the Bclipse— Niagara— The PaiaDel 
Boads of Glen Boy— Alpine Sculpture— Beoent Kzperiments on Fog-Signals—On the Stndy 
of Physics— On Crystalline and Slaty Ciearage— On Paramagnetic and Diamagnetic Forces 
-Physical Basis of Solar Chemistry— Elementary Magnetism— On Force— Contributions to 
Molecular Physics— Life and Letters of Faraday- The Copley Medalist of 1870— The 
Copley Medalist of 1871— Death by Lightning.— Science and the Spirits. 



VOL. n. :— Beflections on Prayer and Natural Law— Miracles and Special Proridenc 
On Prayer as a Form of Physical Energy- Vitality-Matter snd Force— Scientific Matevi' 
alism— An Address to Students— Scientific Use of the Imagination— The Belikst Addreat— 
Apology for the Belfast Address— The Bot. James Martinkav and the Belfsst Address- 
Fermentation, and its Bearings on Surgery and Medicine— Spontaneous Generation- 
Science and Man— Professor Virchow and ETolntion— The Electric Light. 

New Fra^rmentg. Grown 8vo. 10«. 6d, 

Contents :— The Sabbath— Goethe's * Farbenlehre*— Atoms, Molecules and Ether Waves 
—Count Bumford— Louis Pasteur, his Life and Labours— The Bainbow and its Congeners- 
Address deliTcred at the Birkbeck Institution on 22nd October, 1884— Thomas Toung— Life 
in the Alps— About Common Water— Personal BocoUections of Thomas Cailyle— On Un- 
Teiling the Statue of Thomas Carlyle— On the Origin, Propagation and Prevention of 
Phthisis— Old Alpine Jottings— A Morning on Alp Lusgen. 

The Glaciers of the Alps : beiog a 

Narrative of Excursions and Ascents. 
An Account of the Origin and Plieno- 
mena of Glaciei's, and an Exposition 
of the Physical Principles to which 
they are related. With numerous 
Illustrations. Crown 8to. ds. 6<2. net. 



Lectures on Sound. With Frontis- 
piece of Fog-Syren, and 203 other 
Woodcuts and Diafframs in the Text. 
Crown 8vo. 10s. 6a. 

Heat, a Mode of Motion. With 

125 Woodcuts and Diagrams. Cr. 
8vo. 128. 

Lectures oh Light delivered in 

the United States in 1872 and 1873. 
With Portrait, Lithographic Plate 
and 59 Diagrams. Crown 8to. 69. 

EsBays on the Floating Matter of 

the Air in relation to Putrefaction 
and Infection. With 24 Woodcuts. 
Crown 8to. 7«. M. 



Faraday as a IHscoTorer. Crown 
Researches on Diamagnetlsni and 

Magnecrystallic Action ; including 
the Question of Diamagnetic Polarity. 
Crown 8yo. 12«. 

Notes of a Oourse of Nine Lectures 

on Light, delivered at the Boyal 
Institution of Great Britain, 1869. 
Crown 8vo. Is. 6<2. 

Notes of a Ck>ur8e of Seven Lec- 
tures on Electrical Phenomena and 
Theories, delivered at the Royal In- 
stitution of Great Britain, 1870. Cr. 
8vo. Is. 6d. 

Lessons in Electricity at the 

Royal Institution, 1875-1876. With 
58 Woodcuts and Diagrams. Crown 
8yo. 2s. 6(i. 
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ENGINEERING, STRENGTH OF MATERIALS, &c. 

ANDERSON— The Strengrth of Materials and Stractures : the Strength 
of MateiiaU as depending on their Quality and as ascertained by 
Testing Apparatus. By Sir J. Andkrson, C.E., LL.D., F.R.S.E. 
With 66 Woodcuts. Fcp. 8vo. 3«. 6d. 

BABBY— Railway Appliances: a Description of Details of Eailway 
Constiuction subsequent to the Completion of the Earthworks and 
Structures. By John Wolpb Barbt, C.B., M.I.C.E. With 218 
Woodcuts. Fcp. Bvo. 4«. 6<i. 

STONEY— The Theory of the Stresses on Girders and Similar Struc- 
tures. With Practical Observations on the Strength and other Pro- 
perties of Materials. By Bindon B. Stoney, LL.D., F.R.S., M.I.C.E. 
With 6 Plates and 143 Illustrations in the Text. Royal Bvo. 36«. 

UNWIN— Works by W.Cawthornb Unwin, B.Sc, M.Inst. Civil Engineers. 

The Testing of Materials of Constmction. Embracing the 

Description of Testing Machinery and Apparatus Auxiliary to Me- 
chanical Testing, and an Account of the most Important Ilesearches 
on the Strength of Materials. With 141 Woodcuts and 5 folding-out 
Plates. Bvo. 21<. 

On the Beyelopment and Transmission of Power from Central 

Stations : being the Howard Lectures delivered at the Society of 
Arts in 1B93. With Bl Diagrams. Bvo. 10«. net 

WABBEN— Engineering Construction in Iron, Steel, and Timber. By 
William Henry Warren, Whitworth Scholar ; Member of the Insti- 
tution of Civil Engineers, London ; Challis Professor of Civil and 
Mechanical Engineering, University of Sydney. With 13 Folding 
Plates and 375 Diagrams. Hoyal Bvo. 16j). net. 



LONGMANS' CIVIL ENGINEERING SERIES. 

Edited by the Author of ' Notes on Building Constrnction '. 

Tidal Biyers : their Hydraulics, Improvement and Navigation. By W. 
H. Wheeler, M.InstC.E., Author of ' The Drainage of Fens and 
Low Lands by Qravitation and Steam Power'. With 76 Illustrations. 
Medium Bvo. 16«. net. 

Notes on Docks and Dock Construction. By C. Colson, M.InstC.K, 
Assistant Director of Works, Admiralty. With 365 Illustrations. 
Medium Bvo. 21 «. net 

Principle and Practice of Harbour Construction. By William Shield, 
F.R.S.E., M.Inst.C.K, and Executive Engineer, Natural Harbour Ref- 
uge, Peterhead, N.B. With 97 Illustrations. Medium Bvo. 16«. net. 

Bailway Construction. By W. H. Mills, M.InstC.£., Engineer-in-Chief, 
Great Northern Railway, Ireland. [In Reparation, 

Calculations for Engineering Structures. By T. Claxton Fidler, 
M.InstC.K, Professor of Engineering in the University of Dundee ; 
Author of ' A Practical Treatise on Bridge Construction '. [inwaoaration. 

The Student's Course of Civil Engineering. By L. F. Vernon- 
Harcourt, M.In8tC.K, Professor of Civil Engineering at University 
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WORKSHOP APPLIANCES, &c 

NORTHCOTT— Lathes and Tnrnlngv Simple, Mechanical and Oma- 
mentaJ. Bj W. H. Northoott. With 336 Illustrations. 8va 18f . 

SHELLEY— Workshop Applianees, including Deecri|>tion8 of some of 
the Gauging and Measuring Instrnments, Hand-cutting Tools, Lathes, 
Drilling, Planing and other Machine Tools used bj Engineers. By 
C. P. B. Shellky, M.I.C.E. With 323 Woodcuts. Fcp. 8vo. 5i. 



MINERALOGY, METALLURGY, &c 

BAUERMAN— Works by Hila^rt Baubrman, F.G.S. 

Systematie Mineralogy. With 373 Woodcuts and Diagrama 

Fcp. 8vo. 6t. 

Descriptire Mineralogy* With 236 Woodcuts and Diagrama 



Fcp. Svo. 68. 

BLOXAM and HUNTINGTON— Metals : their Properties and Treatment 
By C. L. Bloxah and A. K. Huntinqton, Professors in Bong's 
College, London. With 130 Woodcuts. Fcp. Svo. 5s. 

GORE — The Art of Electro-Metallurgy, including all known Processes 
of Electro-Deposition. By G. Gore, LL.D., F.R.S. With 56 Wood- 
cuts. Fcp. 8vo. 6i. 

LUPTON — Mining. An Elementary Treatise on the Getting of Minerals. 
By Arnold Lupton, M.I.C.E., F.G.S., etc., Mining Engineer, Professor 
ot Coal Mining at the Victoria University, Yorkshire College, Leeda 
With 596 Illustrations. Crown Svo. 9*. net 

MITCHELL— A Manual of Practical Assaying. By John Mitchbll, 
F.C.S. Revised, with the Recent Discoveries incorporated. By W. 
Crookes, F.R.S. With 201 Illustrations. Svo. 31«. Qd, 

BHE AD— Metallurgy. An Elementary Text-Book. By E. C. Rhead, 
Lecturer on Metallurgy at ihe Municipal Technical School, Man- 
chewter. With 94 Illustrations. Crown Svo. 3«. 6d. 

RUTLEY— The Study of Rocks ; an Elementary Text-Book of Petrology. 
By F. Rutley, F.G.S. With 6 Plates and 8S Woodcuts. Fcp. Svo. 
4s. 6d. 

YON COTTA— Rocks Classified and Described : A Treatise on Lithology. 

By Bernhard Von Cotta. With English, German, and Frendi 
Synonyms. Ti-anslat^^d by Philip Henrt Lawrence, F.G.S., F.R.G.S. 
Crown Svo. 14«. 
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MACHINE DRAWING AND DESIGN. 

LOW and BETIS- A Manual of Maehine Drawing and Design. By 

David Allan Low (Whitworth Scholar), M.I. Mech. E., Hesulinaster 
of the Technical School, People's Palace, London; and Altbbd 
WiLUAM Bbvib (Whitworth Scholar), M.I. Mech.E., Director of 
Manual Training to the Birmingham School Board. With over 700 
lUuBtrationfi. 8vo. 7«. 6c2. 

LOW— An Introduction to Machine Drawing and Design. By David 
Allan Low. Headmaster of the Technical School, People's Palace, 
London. With 97 Illustrations and Diagrams. Crown 8vo. 2<. 

Improved Drawing Scales. By David Allan Low. Ad, in case. 

UNWIN— The Elements of Machine Design, ^y W. Cawthornb 
Unwin, F.R.S., Part I. General Principles, Fastenings and Trans- 
missive Mat^hinery. With 304 Diagrams, &c. Crown 8vo. 6». Part 11. 
Chiefly on Engine Details. With 174 Woodcuts, Crown Svo. 4«. 6<i. 



ASTRONOMY, NAVIGATION, &c 

ABBOTT— Elementary Theory of the Tides : the Fundamental Theorems 
Demonstrated without Mathematics, and the Influence on the Length 
of the Day Discussed. By T. K. Abbott, B.D., Fellow and Tutor, 
Trinity College, Dublin. Crown Svo. 2«. 

BALL— Works by Sir Robert S. Ball, LL.D., F.R.S. 

Elements of Astronomy. With 136 DiagramF. Fcp. Svo. Oi. 

A Class-Book of Astronomy. With 41 Diagrams. Fcp. Svo. 1«. Bd 

BRINKLEY— Astronomy. By F. Brinkley, formerly Asti-onomer Royal 
for Ireland. Re-edited and Revised by J. W. Stubbs, D.D., and F. 
Brdnnow, Ph.D. With 49 Diagrams. Crown Svo. 6«. 

CLEBKE— The System of the Stars. By Aoneb M. Clerke. With 6 
Plates and numerous Illustrations. Svo. 2U. 

€lIBSOIf— The Amateur Telescopist's Handbook. By Frank M. 
Gibson, Ph.D., LL.B. With 1 Plate and 13 Diagrams. Cr. Svo. 3«. 6d. 

HERSCHEL— Outlines of Astronomy. By Sir John F. W. Herschsl, 
Bart. , K. H. , &C. With 9 Plates and numerous Diagrams. Crown Svo. 12<. 

MARTIN— Navigation and Nantical Astronomy. Compiled by Staff- 
Commander W. R Martin, R,N. Royal Svo. 1S«. 

MERRIFIELD— A Treatise on Navigation for the use of Students. By 
John Merrifibld, LL.D., F.RA.S., F.M.S. Crown Svo. 5*. 

ORCHARD— The Astronomy of Milton's Paradise Lost. By Thomas 
N. Orchard, M.D., MemV)ei' of the British Astronomical A8j*ociation. 
With 13 Illustrations. Svo. 15«. 

WEBB-^Celestlal Objects for Common Telescopes. By the Rev. T. W. 
Webb, M.A., F.RA.S. Fifth Edition, Revised and greatlv Enlarged, 
by the Rev. T. E. EsPiN, M.A., F.R.A.S. (2 vols.) Vol. I.- with 
2 Plates and numerous Illustrations. Crown Svo. 0$. Vol. II., with 
Illustrations and Map of Star Spectra. Crown Svo. 6». 6d. 
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OldandKewAsteonomy. With 21 The Southern SkieB: « Il&m and 

Eiwy Guide to the ConsteUations of 



Plates and 472 lUastratiouB in the 
Text. 4to. 21». 

Mythsand MaxrelBof ABtronomy. 

Crown 8vo. 59. Silver Library 
Edition. Crown 8vo. Ss 6</. 

The Moon : Her Motions, Aspect, 
S^'enery, and Physical Condition. 
With many Plates and Charts, Wood 
Engraving, and 2 Lunar Photographs. 
Crown 8vo. 5a. 

The UniTene of Stan : Researches 
into, and New Views respecting, the 
Constitution of the Heavens. WiUi 
22 Charts (4 coloured) and 22 Dia- 
grams. Svo. lOf. 6<{. 

Other Worlds than Onrs: the 

Plurality of Worlds Studied under 
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searches. With 14 Illustrations; 
Map, Charts, &c. Crown Svo. 55. 
Cheap Edition. Crown Svo. Ss. 6c2. 

Treatise on the Cycloid and all 

Forms of Cycloidal Curves, and on 
the Use of Cycloidal Curves in dealing 
with the Motions of Planets, Comets, 
Ace. With 161 Diagrams. Crown 
Svo. \^. 6d. 

The Orbs Around Us : Essays on the 

Moon anil Planets, Meteors and 
Comets, the Sun and Coloured Pairs 
of Suns. Crown Svo. 5^. Cheap 
Edition. Crown Svo. 3«. 6rf. 

Light Science for Leisure Hours : 

Familiar Essays on Scientific Subjects, 
Natural Phenomena, &c. 3 vols. Cr. 
Svo. 5s. each. 

Our Place among Infinites : Essays 

contrasting our Little Abode in Space 
and Time with the Infinites around 
us. Crown Svo. 6s. , owwn Svo. 3«. 6rf. 

The Expanse of Heaven : Essays on Pleasant Wajs in Science. Crown 

the Wonders of the. Firmament. Cr. 8^o- 5s. Cheap Edition. Oown 
Svo. 5s. Cheap Edition. Cr. Svo. 8vo. 3«. 6rf. 

8s. 6d. ' The Qreat Pyramid, Obsenratorjr 
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the Southern Hemisphere. Showing 
in 12 Ma[»s the (xraition of the princi- 
pal 8tar-Grou(is night alter night 
throughout the year. With an Intro- 
duction aud a sepnrate Explanation 
of each Map. True for every Year. 
4to. 5s. 

Eblf-HouTB with the Stars: a 

Plaiu and Easy Guide to the Knowl- 
edge of the Constellations. Showing 
in 12 Mai « the position of the princi- 
pal Star-Grouiffi night after night 
throughout the Year. With Intro- 
duction and a separate Explanation of 
each Map. Troe for every Year. 
4to. 3s. 6d. 

New Star Atlas for the Lihruy,. 

the School, and the Observatory, m 
Twelve Circular Maps (with 2 Index- 
Plates). With an Introduction on the 
Stu-iy of the Stars, Illustrated by » 
Diagrams. Crown Svo. 5s. 

Larger Star Atlas for Oltservers snd 
Students. In Twelve Circular Maps, 
showing 6<^00 Star>*, 1500 Double 
Stars, Nebulie, &e. With 2 Index- 
Plates. Folio, 16s. 

The Stars in their Seasons : an Easy 

Guidt^ to a Knowledge of the Star 
Group. In 12 Large Ma|«. Im- 
perial Svo. 5s. 

The Stax Primer : showing the Stany 

Sky, Week by Wet-k. In 24 Hourly 
Ma{>s. Crown 4to. 2s. 6d, 
Ohance and Luck : a Discussion of 
the Laws of Luck, Coincidence, 
Wagers, Lotteries, and the Fallacies 
of Gambling, &c. Crown Svo. 8a 
boards. 2s. 6(2. cloth. 

Bough Ways made Smooth. Fami- 
liar Essays on Scientific Subjects. 



9 Star-Maps and Diagrams. 
Sto. 6s. 



Half-Hours with the Telescope: 

a Popular Guide to the Use of the 
Telescope as a means of Amusement 
and Instruction. With 7 Plates. 
Fci». Svo. 2,1, 6d. 



TOR, E. Clodd, a. Wilson, T. Foster 
and A. C. Raktakd. Cr.Svo. 3s. &L 

Lessons in ELementazr Astro^ 

nomy ; with Hints for Young Tele- 
scopists. With 47 Woodcuts. Fcp. 
Svo. Is. 6d. 
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MANUFACTURES, TECHNOLOGY, &c. 

BELL—Jacquard WeaTing and Designing. By F. T. Bell, National 
Scholar in Design (1875-8) and Third Grade Certificated Art Master, 
Science and Art Department, S.K. ; Medallist in Honours and 
Certificated Teacher in * Linen Manufacturing ' and in * Weaving and 
Pattern Designing,' City and Guilds of London Institute. With 199 
Diagrams. 8vo. 12«. net. 

LUPTON— Mining : an Elementary Treatise on the Getting of Minerals. 

By Arnold Lupton, M.LC.E., F.G.S., &c., Mining Engineer, Certifi- 
cated Colliery Manager, Surveyor, &c. Professor of Coal Mining at 
the Victoria University, Yorkshire College, Leeds, &c. With 696 
Diagrams and Illustrations. Crown 8vo. 9«. net. 

TATLOE—Cotton Weaving and Designing. By John T. Taylor, 
Lecturer on Cotton Weaving and Designing in the Preston, Ashton- 
under-Lyne, Chorley, and Todmorden Technical Schools, &c With 
373 Diagrams. Crown 8vo. 7«. Gd net 

WATTS— An Introductory Manual for Sngar Orowers. By Francis 
Waipts, F.C.S., F.I.C., Assoc. Mason CoD., Birmingham, and Govern- 
ment Chemist, Antigua, West Indies. With 20 Illustrations. Crown 
8vo. 6<. 



PHYSIOGRAPHY AND GEOLOGY. 

BIRD— Works by Charles Bird, B.A., F.G.S., Head-master of the 
Rochester Mathematical School. 

Elementary €feology. With Geological Map of the British Isles, 



and 247 Illustrations. Crown 8vo. 2«. 6(f. 

Geology: a Manual for Students in Advanced Classes and for 



General Readers. With over 300 Illustrations, a (^logical Map of 
the British Isles (coloured), and a set of Questions for Examination. 
Crown 8vo. 7*. 6a. 

€^BEEN— Physical Geology for Students and General Readers. With 
Illustrations. By A. H. Grben, M.A., F.G.S., Professor of G^logy in 
the University of Oxford. 8vo. 2 la. 

LEWIS— Papers and Notes on the Glacial Geology of Great Britain 

and Ireland. By the late Henry Cabvill Lewis, M.A., F.G.S., Pro- 
fessor of Mineralogy in the Academy of Natural Sciences, Philadelphia, 
and Professor of Geolog}' in Havenoid College, U.S. A. Edited from 
his unpnhlished MSS. With an Introduction by Henry W. Cross- 
key, LL.D., F.G.S. With 10 Maps and 82 Illustrations and Diagrams. 
8vo. 21*. 
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THORNTON— Worke by John Thornton, M.A. 

Elementarx Phjslogrrapfa j : an Introduction to the Study of 

Nature. With 12 Map« and 247 Illustrations. With Appendix on 
Astronomical Instruments and Measurements. Crown 8vo. 2s. 6c2. 



-— ^ AdTEBced PhTglogrrapliy* With 6 Mapb luiu 180 lUustrations 
Crown Svo. 4», 6a, 

TTNBALL— The Oladers of the Alps : being a Narrative of Excursions 
and Ascents. An Account of the Origin and Phenomena of Glaciers, 
and an Exposition of the Physical Principles to which they are relat^iil. 
By John Ttndall, F.R.S. With 61 illustrations. Crown Svo. 
6s. 6d. net. 



HEALTH AND HYGIENE. 

BBODBIBB— Maniud of Health and Temperance. By T. Brodkibb, 
M.A. With Extracts from Gough*s 'Temperance Orations'. Revised 
and Edited by the Rev. W. Ruthven Pym, M.A. Crown Svo. 1«. 6d, 

BUCKTON—Health In the House ; Twentv-five Lectures on Elementary 
Physiology in its Application to the Daily Wants of Man and Animals. 
By Catherine Bi. Buckton. With 41 Woodcuts and Diagrams. 
Cii»wn Svo. 2s. 

COBFIELD— The Laws of Health. By W. H. Corpield, M.A., M.D. 
Fcp. Svo. U 6d 

FBANKLANB— MIcro-OrganUms in Water, their Significance, Identifica- 
tion, and Removal. Together with an Account of the Bacteriological 
MethcKls involved in tneir Investigation. Specially Designed for 
those connected with the Sanitaiy Aspects of Water Supply. By 
Professor Pkrcy Frankland, Ph.D., B.Sc. (Lond.), F.RS., and Mrs. 
Percy Frankland. Svo. 16s. net. 

NOTTEB— Hygiene. By J. Lane Notter, M.A., M.D. (Dublin), Fellow 
and Member of Council of the Sanitary Institute of Great Britain, 
Examiner in Hygiene, Science and Art Department, Examiner in 
Public Health in the University of Cambridge and in the Victoria 
University, Manchester, &c. ; and R. H. Firth, F.R.C.S., Assistant 
Professor of Hygiene in the Army Meilical School, Netley, &c. With 
95 Illustrations. Crown Svo. 3s. 6d. 

POOBE— Essays on Rural Hygiene, By George Vivian Poors, M.D 
Crown Svo. 6s. 6d. 

WILSON— A Manual of Health-Science : adapted for use in Schools and 
Colleges, and suited to the Requirements of Students preparing for the 
Examinations in Hygiene of the Science and Art Department, &c. 
By Andrew Wilson, F.KS.E., F.L.S., &c. With 74 Illustrations 
Cn)wn Svo. 2s. 6d. 
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OPTICS AND PHOTOGRAPHY. 

ABNEY— A Treatise on Photographj. By Captain W, db Wivbleslie 
AbneT) F.R,S., Director for Science in the Science and Art Depart- 
ment. With 115 Woodcuts. Fcp. 8vo. 3«. 6d 

6LAZEBB00K— Physical Optics. By R. T. Qla^zebrook, M.A., F.RS., 
Fellow and Lecturer of Trin. Coll., Demonstrator of Physics at the 
Cavendish Laboratory, Cambridge. With 183 Woodcuts of Apparatus, 
&c. Fcp. Bvo. 68. 

WBI0HT— Optical Projection : a Treatise on the Use of the Lantern 
in Exhibition and Scientific Demonstration. By Lewis Wright, 
Author of 'Light: a Course of Experimental Optics*. With 232 
lUustrationa. Crown Bvo. 68. 
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ASHBY — Notes on Physiology for tlie Use of Students preparing 

for Examination. By Henrt Ashby, M.D. With 141 Illustrations. 
Fcp. 8vo. 5«. 

BARNETT— The Making of the Body: a Children's Book on Anatomy 
and Physiology, for School and Home Use, By Mrs. S. A. Barnett, 
Author of 'The Making of the Home'. With 113 Illustrations. 
Crown 8vo. Is, 9d. 

BIBOOOD-^A Conrse of Practical Elementary Biology. By John 
BroaooD, B.Sc, F.L.S. With 226 Illustrations. Crown 8vo. 4^. 6d, 

BBAY— Physiology and the Lairs of Health, in Easy Lessons for 
Schools. By Mrs. Charles Brat. Fcp. 8vo. Is. 

FUBNEAUX- Human Physiology. By W. Furneaux, F.RG.S. With 
218 Illustrations. Crown 8vo. 2s. 6d. 

HUDSON and 60SSE— The Botifera, or < Wheel-Animalcules '• Bv 

C. T. Hudson, LL.D., and P. H. Gosse, F.R.S. With 30 Coloured 
and 4 Uncolouied Plates. In 6 Pai'ts. 4to. 10«. 6d. each ; Supple- 
ment, 12s. 6d. Complete in 2 vols, with Supplement, 4to. j£4 is. 

MACALISTEB — Works by Alexander Maoalibter, M.D., Professor ot 
Anatomy, University of Cambridge. 

Zoology and Morphology of yertebrata« 8vo. 10s. 6d. 

Zoology of the Invertebrate Animals. With 59 Diagrams. 

Fcp. 8vo. Is. 6d 

Zoology of the Yertebrate Animals. With 77 Diagrams. Fcp. 



8vo. Is. Qd. 

MOBGAN— Animal Biology : an Elementary Text-Book. By C. Lloyd 
Morgan, Professor of Animal Biology and Geology in University 
College, Bristol. With numerous Illustrations. Cr. 8vo. 8s. 6d. 

THOBNTOIS— Human Physiology. By John Thornton, M.A. With 
267 Illnntrations, some of which are coloured. Crown 8vo. 6s. 
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BOTANY. 

AITKEN^-Elementary Text-Book of BoUnj. For the ose of Schools 
By Edith Aitken, late Scholar of Girton College. With over 400 
Diagrams. Crown 8vo. 4«. 6d 

BENNETT aftd MURRAY— Haftdbook of CiTPtoraiiiic Botany. By 

Alfred W. Bennett, M. A., B.Sc, F.L.S., Lecturer on Botany at St 
Thomas's Hospital ; and Georqs Murbat, F.L.S., Keeper of Botany, 
British Museum. With 378 lUostrations. 8vo. 16s. 

CROSS and BETAN— Cellolose : an Outline of the Chemistry of the 
Structural Elements of Plants. With Reference to their Natural 
History and Industrial Uses. By Cross and Betan (C. F. Cross 
E. J. Bevan, and C. Beadle). With 14 Plates. Crown 8vo. 12f. net. 

EDMONDS — Elementary Botany. Theoretical and Practical. By Hknbt 
Edmonds, B.Sc, London. With 319 Diagrams and Woodcuts. Crown 
8vo. 2s. (ki. 

KITCHENER— A Year's Botany. Adapted to Home and School Use. 
With Illustrations by the Author. By Frances Anna Eitchensb. 
Crown 8vo. 5s. 

LINDLEY and MOORE— The Treasury of Botany: or, Popular 
Dictionary of the Veffetable Kingdom : with which is incorporated 
a Glossary of Botanic^ Terms. Edited by J. Lindlxt, M.D., F.R.S., 
and T. Moore, F.L.S. With 20 Steel Plates and numerous Wood- 
cuts. 2 Parte. Fcp. 8vo. 12s. 

McNAB— Class-Book of Botany. By W. R. McNab. 2 Parts. Morpho- 
logy and Physiolo^. With 42 Diagrams. Fcp. 8vo. Is. 6i. Classifi- 
cation of Plants, with 118 Diagrams. Fcp. 8yo. Is. 6d. 

THOME and BENNETT— Structural and Physiological Botany. By 

Dr. Otto Wilhelm Thomi£ and by Alfred W. Bennett, M.A., 
B.Sc, F.L.S. With Coloured Map and 600 Woodcuts. Fcp. 8vo. 6s. 

TUBEUF— Diseases of Plants Due to Cryptogamic Parasites. Trans- 
lated from the German of Dr. Carl Freiherr von Tubeuf, of the 
University of Munich, by William Q. Smith, B.Sc, Ph.D., Lecturer 
on Plant Physiology to the University of Edinburgh. With over 300 
Illustrations. [In prspanotion. 

WATTS— A School Flora. For the use of Elementary Botanical Classes. 
By W. Marshall Watts, D.Sc, Lond. Cr. 8vo. 2s. 6(£. 
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AGRICULTURE AND GARDENING. 

ADBYMAN— l^cnltarai Analysts. A Mannal of Qaantitative Analysis 
for Students of Agriculture. By Frank T. Addtman, B.Sc. (Lond.), 
F.I.C. With 49 Illustrations. Crown 8vo. 6<. net. 

COLEMAN and ADDYMAN— Practical A^cnltoral Chemistry. For 

Elementary Students, adapted for use in Agricultural Classes and 
Colleges. By J. Bernard Coleman, A.RC.Sc., F.I.C., and Frank 
T. Addyman, B.Sc (Lond.), F.I.C. Crown 8vo. la. 6i net 

LOUDON— Works by J. C. Loudon, F.L.S. 

Encydopndla of Gardening; the Theory and Practice of 

Horticulture, Floriculture, Arboriculture and Landscape Qardening. 
With 1000 Woodcuts, 8vo: 2U. 

■ Encyclopedia of Agricnltnre; the Laying-out, Improvement and 

Management of Landed Property ; the Cultivation and Economy of 
the Productions of Agriculture. With 1100 Woodcuts. 8vo. 21a. 

RIYEBS— The Miniature Fruit Garden; or, The Culture of Pyramidal 
and Bush Fruit Trees. By Thomas T. F. Rivers. With 32 Illustra- 
tions. Crown 8vo. 4a. 

SOBAUEB -A Popular Treatise on the Physiology of Plants. For 

the Use of Qiwdeners, or for Students of Horticulture and of Agri- 
culture. By Dr. Paul Soraubr, Director of the Experimental 
Station at the Royal Pomological Institnte in Proskan (Silesia). 
Translated by F. K Weiss, B.Sc., F.L.S., Professor of Botany at the 
Owens College, Manchester. With 33 Illustrations, 8vo. 9i. net. 

WEBB— Works by Hbnrt J. Webb, Ph.D., B.Sc. (Lond.) ; late Principal 
of the Agricultural College, Aspatria. 

Elementary A^cultnre. A Text-Book specially adapted to tiie 

requirements of the Science and Art Department, the Junior Examina- 
tion of the Royal Agricultural Society and other Elementary Examina- 
tions. With 34 Illustrations. Crown 8vo. 2«. 6(i. 

— — Advanced Airlcultnre. With 100 Illustrations and a set oi 
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WoodcntB. Fcp. 8vo. 3ff. 6d 

Tha Btrentfth of HatorlAl and Straetoras. 

By Sir J. Amdsbsom, C.E.. &o. 66 
WoodoutB. Fop. 8vo. 8«. 6<2. 

■allvay Appllanoa« A Daaori^tion of 
Details of Bailwaj Gonstmotion snb- 
sequent to the completion of Earth- 
works and Structures. By John 
WoLFB Babbt, C3., M.I.C.£S. 318 
Woodcuts. Fcp. Byo. 4*. M. 

iBtrodnotlon to tha Btady of Inopgaale 

Chemistry. By William Allen Mil- 
LEB. M.D.. F.B.S. 72 Woodoats. 3f.6d. 

QuuitltatlYa Chamloal Analysla. By T. 

E. Thobpb, F.B.S.. Ph.D. With 88 
Woodcuts. Fcp. 8yo. 4«. 6d. 

^^valltatiYa Ohamloal JUialyBls and 

LaboratoxT Practice. ByT. £. Thobpb, 
Ph.D., F.B,S., and M. M. Pattison 
MuiB, M.A. With Plate of Spectra 
and 67 Woodcuts. Fcp. Svo. 8«. 6d. 

Introdactlon to tha Btady of Chamloal 

Philosophy. By Williau A. Tilden, 
D.Sc. , London, F.R 8. With 5 Wood- 
oucs. With or without Answers to 
Problems. Fcp. 8vo. 4t. 6d. 

Blamants of Astronomy. By Sir B. S. 
Ball. LL.D., F.R S. With 138 Wood- 
outs. Fcp. 8vo. 68. 

Bystematlc Hineralogy. By Hilaby 
Bauebman, F.G.S. With 378 Wood- 
outs. Fcp. 8vo. 6s. 

Daoerlptlva Hlneralody* By EEilaby 
Bauebman, F.G.S.. &o. With 286 
Woodcuts. Fcp. 8vo. 6«. 

■atals, their Propartias and Traatmant. 

By C. L. Bloxam, and A. K. Hunt- 
ington, Professors in King's College, 
London. 180 Woodcuts. Fcp. 8vo. 5«. 

Theory of Heat, By J. Clebk Maxwell 
M.A.,LL.D.,Edin.,F.R.SS..L.andE. 
With 88 Illustrations. Fcp. 8yo. 4«. 6/2. 

Praotlcal Physios. By B. T. Glazebbook 
M.A., F.R.S., and W. N. Shaw, M.A. 
With 134 Woodcuts. Fcp.8vo. 78. 6d. 

Fralimlnary Barvey. Including Ele- 
mentary Astronomy, Boute Stirveying, 
&c. By Theodobe Gbaham Gbibble, 
Ciyil Engineer. 180 Illustrations. 
Fcp. 8yo. 68. 



JU^abra and TriioBomatry . By William 
Nathaniel Gbiffin. BJD. 3f. 6d. 
Notes on, with Solutions of the more 
difficult Questions. Fcp. 8yo. 8<. Sd, 

Tha Btaam Bn^a. By Geoboe C. V. 
Holmes. 212 Woodcuts. Fop.8yo. 6«. 

Blaatrlelty and Hadaatlsm. By Fleem- 
iMo Jenkin, F.B.SS. , L. and £. With 
177 Woodcuts. Fcp. 8yo. 8«. 6d. 

Tha JUrt of Biaotro-Hatalliurfy, including 
all known Processes of Electro-Deposi- 
tion. By G. Gobb, LL.D.. F.R.S. 
With 56 Woodcuts. Fcp. 8yo. 6i. 

Taladraphy. By W. H. Pbebce. CB. 
F.E.S., V.P. Inst. C.E., and Sir J. Siye- 
wbioht, M.A., K.C.li.G. 268 Wood- 
outs. Fop. 8yo. 6«. 

Physleal Optlos. By B. T. Glazebbook, 
M.A.. F.B.S. With 188 Woodoats. 
Fcp. 8yo. 6a. 

Taohnloal Arlthmatia and Hansiiratloii. 

By Chableb W. Mrbbifield, F.B.S. 
3«. 6d. Key, 8«. 6^. 

Tha Btndy of Rooks, an Elementary Tezt- 
Book of Petrology. By Fbane Butlbt, 
F.G.S. With 6 Plates and 88 Wood- 
cuts. Fcp. 8yo. 4s. 6d. 

Workshop AppUanoas, including Descrip- 
tions of some of the Gauging and 
Measuring Instruments — Hana-Cut- 
ting Tools, Lathes, Drilling, Planing, 
and other Machine Tools used by 
Engineers. By C. P. B. Shelley, 
M.f.C.E. With 323 WoodcutB. Fop. 
8vo. 58. 

Blements of Haohine Daslin. By W. 

Cawtqobne Unwin, F.B.S., B.Sc. 

Part I. General Principles, Fasten- 
ings, and Transmissiye Machinery. 
304 Woodcuts. 69. 

Part II. Chiefly on Engine Details. 
174 Woodcuts. Fcp. Syo. 4«. 6d. 

Btraetoral and Physlolotf oal Botany. By 

Dr. Otto Wilhelm Thom^, and A. W. 
Bennett, M.A., B.Sc, F.L.S. With 
600 Woodcuts. Fcp. 8yo. 68. 

Plana and Bolld Oaometry. By H. W. 

Watson, M.A. Fcp. 8vo. Se. 6d. 
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Praetloal PIui« and BoUd 0«oBi«try, in- 

oluding Graphic Arithmetio. By I. 
H. M0KM8. Cr. 8vo. 28. 6A 

0«om«triGal Dniwliig for kri Btadtfito. 

Embracing Plane Geometry and its 
Applications, the use of Scales, and 
the Plane and Elevations of Solids, as 
required in Section I. of Science Sub- 
ject I. By I. H. M0HBZ8. Crown 8vo. 

Being the First Part of Morris's 
Practical Plane and Solid Geometry. 

Text-Book on Praetieal, BoUd, or Dos- 

oriptive Geometry. By David Allen 
Low. PartL Crown 8vo. 28. Part 
IL Crown 8vo. 3*. 

An Introduetion to Maehlno Drawing and 

Design. By David Allen Low. With 
97 lUnstrations Cr. 8vo. 28. 

Bvlldtng Oonitmetlon. By Edwabd J. 
BuBRELL. With . 906 Illustrations. 
Crown 8vo. 28. 6d. 

An Blementary Coune of Hathematios. 

Containing Arithmetic ; Euclid (Book 
I. with Deductions and Exercises); 
and Algebra. Crown 8vo. 28. 6d. 

Theoretteal Heohaniei. Including Hy- 
drostatics and Pneumatics. By J. E. 
Taylor, M. A. . B. Sc. With Examples 
and Answers, and 176 Diagrams and 
XUustrations. Cr. Bvo. 2«. 6d. 

Theofotleai HeoliAnlea^Bolidi. By J. 

Edwabd Taylob, M.A., B.Sc. ^ond.). 
With 163 Illustrations, 120 Worked 
Exaxnples, and over 600 Examples 
from Examination Papers, &c. Crown 
8vo. 28. Bd. 

Theoretieal Hochanlos— Fluids. By J. 

Edwabd Taylor, MA., B.Sc. (Lond.). 
With 122 Illustrations, numerous 
Worked Examples, and about 600 
Examples from Examination Papers, 
&o. Crown 8vo. 28. M. 

k Hanaal of Hechaniei : an Elementary 
Text-Book for Students of Applied 
Mechanics. With 188 Illustrations 
and Diagrams, and 188 Examples 
taken from the Science Department 
Examination Papers, with Answers. 
By T. M. GooDEVE. Fcp. 8vo. 28. 6<2. 



Boond, Ughtj and Heat. By Mabx B. 
Wriobt. With 160 Diagrams and 
lUustrations. Crown 8vo. 28. 6d, 

Phyiiei. Alternative Course. By Mabx 
B. Wright. With 24SL IllustrationB. 
Crown 8vo. 28. 6d. 

■ainetism and Eleotrlelt|r. By A. W. 
P0Y8ER, M. A With 286 Illustrations. 
Crown 8vo. 28. 6d. 

Problems and Solutions in Elomentary 
Electricity and Magnetism. Embrac- 
ing a Complete Set of Answers to the 
South Kensington Papers for the 
Years 1886-1894, and a Series of 
Original Questions. By W. Slingo 
and A. Bbookbr. With 67 Illustra- 
tions. Crown 8vo. 28. 

Inorganic Chemistry, Thooretleal and 
Practical. By William Jaoo, F.C.S., 
F.I.C. With 68 Woodcuts and Ques- 
tions and Exercises. Fcp. 8vo. 28. 6(2. 

An Introduetion to Praotloal Inortfanle 

Chemistnr. By William Jaoo, F.C.S. , 
F.LC. Crown 8vo. Is. Qd. 

Praotioal Gbemistry: the Principles of 
Qualitative Analysis. By William A. 
Tilde N. D.Sc. Fcp. 8vo. l8. 6d. 

Blementary Chemistry, Inorganio and Or- 
ganic. Bv W. S. Furneadx, F.R.G.8. 
With 66 Illustrations. Cr.Svo. 2s. M. 

Cranio Chemistry : The Fatty Com- 
pounds. By R. Lloyd Whiteley, 
F.LC. , F.C.S. , With 45 Illustrations. 
Crown 8vo. 88. Bd. 

Elementary Oeoloiy. By Charles Bird, 
B.A., F.G.S. With 247 Illustrations. 
Crown 8vo. 2s. 6d. 

Human Physiology. By William S. 
FuRNEAUX, F.B.G.S. with 218 lUus- 
trations. Crown 8vo. 2s. Bd. 

Hy^ene. By J. Lane Notteb, M.A., 

M.D. (Dublin), and R. H. Firth. 

F.R.C.S. with 95 Illustrations. 

Crown 8vo. 3s. 6d. 
Blementary Botany, Theoretical and 

Practical. By Henry Edmonds, B.Sc, 

London. 819 Illustrations. Crown 8vo. 

2s. 6^. 
■etallnrgy* ByE. L. Rhead. With 9411. 

lustrations. Cr.8vo. Se.iBd.Woniinved- 
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Crown 8vo. 2«. 6d. 
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TON. M.A. With 12 Maps and 247 
ninstrations. With Appendix on As- 
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ments. Crown 8vo. 2f . 6d, 



A^ttvltu*. By HsNBT J. Wkbb. PhJ).. 
late Principal of the Agiicoltonl 
College, Aspatria. With 34 IDiistra- 
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trations. Crown 8vo. 4b. &d. 
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late Principal of the Agricultural 
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tions. Crown 8vo. 7«. 6<2. net. 

HMBetliiB and BlMtrletty. By Abthub 
William Poysbb, M.A.. Trinity 
CoUege. Dublin. With 817 Diagrams. 
Crown 8vo. Ae. M. 

iBorgaaie Chemistry, Thterettcal and 

Practical. A Manual for Students in 
Advanced Classes of the Science and 
Art Department. By William Jaoo, 
F.C.S.. F.LC. With Plate of Spectra, 
and 78 Woodcuts. Crown 8yo. 4«. 6<{. 

PhyBlography. By John Thobn ton, MA. 
With 6 Maps, 180 Illustrations, and 
Plate of Spectra. Cr. 8vo. 4*. 6c2. 



BvMabxR Wbioht, Hon. Inter. 
B. Sc. . (Lond.). With 136 lUastraiiona 
and numerous Examples and Bx- 
amination Papers. Cr. 8vo. 4£. 6(i. 

BnlldlBf OoBStmetloB. By the Author 
of 'Biyin^ton*s Notes on Building 
Construction '. With 386 Illustrations, 
and an Appendix of Examination 
Questions. Crown 8vo. 4m. 6d. 

HOBiBB Physiology. By John Thobntom, 
M. A With 258 Illustrationa. some of 
which are coloured. Crown 8to. 6«. 
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Kinetics. By Abthxtr Thobnton, 
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